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Abstract 
Metallothioneins (MTs) belong to a superfamily of cysteine-rich 
intracellular metal-binding protein that binds with metal ions such as zinc, copper 
and cadmium ions. One of the most important biological roles of M T is the 
maintenance of the homeostatic state of essential metal ions and the 
detoxification of non-essential metal ions in the cells. Although the transcription 
of M T gene is induced by a lot of metal ions, the binding of MTF-1 
(MRE-binding transcription factor-1) to M R E (metal responsive element) is 
activated by zinc ions only. H o w metal ions other than zinc ions regulate the 
expression of M T gene is remained to be resolved. Different mechanisms such as 
the zinc-loaded metallothionein and kinase signaling transduction pathway were 
proposed, however, the actual mechanism responsible for the induction is still not 
clear. 
In previous studies, two isoforms of MTF-1, MTF-1-L (long form) and 
MTF-1-S (short form), were cloned in tilapia and six functional M R E s were 
identified in tiMT promoter. This study focused on the MTF-1 isoforms and their 
respective roles in the regulation of M T gene expression in tilapia. Tissue 
i 
distribution studies showed that MTF-l-L was more abundant than MTF-l-S in 
all the tissues tested. Both in vivo and in vitro studies showed that the m R N A 
level of the MTF-1 isoforms and M T were not related with each other, indicating 
that the induction of MTF-1 gene may not be related to the expression of M T 
gene in tilapia. The MTF-1 isoforms were tagged with GFP respectively and 
transfected into Hepa-Tl cells (tilapia hepatocytes). Nuclear translocation of 
MTF-l-L was observed when the cells were exposed to sufficient concentration 
of metals for 6 hours. MTF-l-S, on the other hand, was always localized in the 
nucleus with or without metal treatment. Electrophoretic mobility shift assay 
(EMSA) found that both of the isoforms could bind to the M R E specifically. In 
r 
summary, results of the present study suggested that the roles of the MTF-1 
isoforms in the regulation of M T gene expression in tilapia are different, it is 
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1.1 Homeostasis and detoxification of metal ions 
Metal ions are one of the elements vital to life. Over half of the 30 elements 
that are known to be essential for survival are metals (Cotton and Wilkinson, 
1980). Trace amount of essential metal such as zinc, copper and calcium ions are 
required for maintaining proper cellular function in both prokaryotic and 
eukaryotic cells. For example, zinc ions are known to be involved in a lot of 
biological functions. It serves as a stabilizer of various transcription factors and a 
cofactor in many metalloenzymes, of which most of them are known to take part 
in the metabolism of nucleic acid (Posorske et al., 1979; Kagi, 1995). Copper 
ions are cofactors essential for a variety of oxidative enzymes, such as catalase, 
peroxidase and cytochrome oxides. Calcium ions, on the other hand, are known 
as one of the important structural component of bones, and are required for 
various physiological functions, such as muscle contraction, conduction of nerve 
signals and blood coagulation (Miggiano and Gagliardi, 2005). 
These essential metal ions are required in minute amount only. Excessive or 
1 
insufficient amount, however, impose detrimental effects to the cells. Besides, 
the presence of even very low concentration of non-essential metal ions, such as 
cadmium and mercury, is highly toxic to the cells as these ions do not have any 
known biological significance and may interrupt the physiological function of the 
essential metal ions instead (O'Halloran, 1993). Homeostatic regulatory systems 
are therefore developed in both unicellular and multicellular organisms for the 
precise control of uptake, distribution, storage and detoxification of metal ions, to 
ensure their concentrations are within physiological limit. 
General approaches to maintain the homeostatic of metal ions in cells 
include the reduction of metal uptake, enhancement of metal exportation and 
sequestration of the metal ions into protein complexes and/or organelles 
(Dameron and Harrison, 1998). Degradation of metal ions transporter is one of 
the methods in reducing the amount of metal ions uptake by the cells. Studies in 
yeast and human demonstrated that excessive amount of copper ions leads to the 
degradation of copper ions transporter, which helps to prevent the ions from 
accumulating in the cells (Ooi et al., 1996; Petris et al., 2003). ATPase and 
ATP-binding cassette transport systems are found conserved from bacteria to 
human in enhancing the exportation of cations (Higgins, 1992; Odermatt et al., 
2 
1993; Fagan and Saier, 1994). Metal-binding protein such as glutathione (GSH), 
zinc transporter and metallothionein (MT) can sequester the excessive metal ions 
in the cells (Kondo et al., 1995; Quig, 1998; Palmiter and Huang, 2004). After 
chelating with metal ions, G S H can be pumped out of the cells by the multidrug 
resistance-associated protein (Cole et al., 1994; Ishikawa et al., 1996). M T , on 
the other hand, serves as a reservoir of metal ions by chelating them reversibly 
(Kagi and Kojima, 1987; Kondo, et al., 1995). 
1.2 Biochemistry of metallothionein 
Metallothioneins belong to a superfamily of cysteine-rich intracellular 
metal-binding protein (Kagi, 1991). They are found throughout the animal 
kingdom, in higher plants, eukaryotic microorganisms and some of the 
prokaryotes (Kojima and Hunziker, 1991). Parenchymatous tissues, including 
liver, kidney, pancreas and intestine, have the largest amount of the protein in 
animals (Banerjee et al., 1982; Tsujikawa et al., 1992). M T was first identified in 
equine renal cortex as a cadmium-binding protein half the century ago by 
Margoshes and Vallee (1957)(for review, see Thirumoorthy et al., 2007). 
Subsequent studies shown that besides of cadmium, it can bind to several other 
metallic components, in which zinc and copper are the most common ones (Kagi 
3 
and Vallee, 1960; Pulido et al., 1966). Cadmium, copper and mercury were found 
capable of displacing zinc ions from M T , as their relative affinities to M T are 
higher than that of zinc (Day et al., 1984; Funk et al” 1987). 
1.2.1 Structure of metallothionein 
The superfamily is defined phenomenologically as comprising all the 
polypeptides that resemble the metallothionein in the kidney of equine and 
characterized by low molecular weight (about 6 to 7 kDa), amino acid 
composition of high cysteine content (about 30%) with no aromatic residues and 
high metal content, which is mainly zinc and copper ions (Fowler et al., 1987; 
Kagi and Kojima, 1987; Kojima, 1991; Stillman et al., 1992). Mammalian M T 
consists of 60 to 68 amino acid residues, in which acetylmethionine and alanine 
are often found in the N-terminal and C-terminal respectively. It was found that 
the number and position of the cysteine residues are highly conserved, forming 
cys-x-cys, cys-x-y-cys and cys-cys sequences, where x and y are non-cysteine 
amino acids. The protein is divided into two metal-binding clusters, a- and 
(3-subunit. a-subunit is the carboxyl half that is relatively more stable and have 
the ability to bind with four divalent metal ions, while p-subunit is the amino half 
that is relatively more active and is able to bind with three divalent metal ions 
4 
(Fig. 1.1) (Boulanger et al., 1983; Nielson and Winge 1984; Fischer and Davie, 
1998). The coordination of the thio group of cysteine residues in M T regulates 
the binding of metal ions, as the protein does not have any histidine. X-ray and 
N M R studies showed that the metal-binding clusters are arranged in tetrahedral 
tetrathiolate structure (Otvos and Armitage, 1980; Schultze et al., 1988; Robbins 
et al., 1991). 
Fig. 1.1 Structure of metallothionein (Adapted from Fischer and Davie, 1998). 
Metallothionein consists of two metal-binding clusters, a- and p-subunit. 
a-subunit is the carboxyl half that is relatively more stable and have the ability to 
bind with four divalent ions, while P-subunit is the amino half that is relatively 
more active and is able to bind with three divalent ions. 
1.2.2 Isoforms of metallothionein 
Two or more distinct M T isoforms are present in all the vertebrates 
examined. MTs are grouped into four families, MT-1 to MT-4, which are 
expressed differentially and regulated differently. MT-1 and MT-2 were found 
ubiquitous, while the other two are expressed in specific tissues only (Searle et 
5 
al, 1984; Yagle et al, 1985; Ghoshal et a/., 1998; LaRochelle et al., 2000). It is 
reported that MT-3 is specifically expressed in the brain and the organs of the 
reproductive system, whereas MT-4 is specific to the stratified squamous 
epithelium of skin and tongue (Palmiter et al., 1992; Quaife el at., 1994; Moffatt 
et al., 1998). The families are regulated by different metal ions as studies on 
Mytilus edulis shown that one of the isoforms of M T is inducible by the presence 
of zinc, copper and cadmium. The other isoform, however, can be only induced 
by cadmium (Klaassen and Lehman, 1989; Lemoine et al., 2000; Vergani et al, 
2007). 
1.2.3 Roles of metallothionein 
Several roles of M T were identified, including the maintenance of the 
homeostatic state of essential metal ions in the cells, detoxification of 
non-essential metal ions and protection against oxidative stress. 
In many tissues, the major zinc- and copper-binding protein is M T , which 
helps to maintain the homeostatic state of these metal ions (Bremner, 1987; Kagi 
and Kojima, 1987). Transgenic studies shown that when fed with zinc-deficient 
diet, the kidney of MT-1 and MT-2 deficient mice would not have proper 
6 
development and maturation (Kelly et al., 1996), however, it is more resistant in 
MT-1 -overexpressing mice (Dalton et al., 1996). It is suggested that M T provides 
a reservoir of zinc ions in the organ to protect the mice from zinc deficiency, 
while accumulating an appropriate concentration of zinc ions in the pancreas at 
the same time to protect against the exposure to excessive zinc ions and prevent 
the pancreatic acinar cells from degeneration (Kelly et al., 1996). Zinc ions are 
found releasing from M T and moved into the nucleus upon various stimuli, 
providing a targeted zinc pool to specific organelles (Spahl et al., 2003). 
Both in vivo and in vitro studies showed that M T is involved in the 
detoxification of non-essential metal ions. Significant increase of M T is observed 
in different tissues after exposing to various metal ions (Waalkes and Klaassen, 
1985; Liu et al., 1991; Klaassen and Liu, 1998). Pretreating the animals with low 
dosage of zinc was found offering a complete protection against the 
hepatotoxicity effect of mercury, arsenic and cadmium, through the induction of 
M T (Wong et al., 1980; Goering and Klaassen, 1984; Zalups and Cherian, 1992; 
Iszard et al., 1995; Liu et al,, 2000). As the affinities of these metal ions to M T 
are higher than that of zinc, they would displace zinc ions from M T (Day et al., 
1984; Funk et al., 1987). The displacement further increases the level of M T and 
7 
helps detoxifying the metals more efficiently (Waalkes and Goering, 1990). 
Since M T has high cysteine content (about 30%) with a lot of thio groups, it 
is proposed to act as a scavenger of electrophiles, alkylating agents and free 
radicals (Klaassen and Cagen, 1981; Sato and Bremner, 1993). In vitro studies 
revealed that M T serves as a scavenger for hydroxyl radicals, which is presumed 
as the most damaging reactive oxygen species for their ability to attack 
macromolecules and lead to protein oxidation, lipid peroxidation and D N A 
damage, through its metal-binding clusters (Halliwell and Gutteridge, 1984; 
Thornalley and Vasak, 1985; Thomas et al., 1986). During oxidative stress, the 
cysteine residues of M T are oxidized and the zinc ions released are important in 
protection against oxidative stress (Maret, 1994; Maret and Vallee, 1998). 
Besides, MT-3, which is expressed in the brain and the organs of the 
reproductive system specifically, is found related to neurodegenerative diseases. 
Transgenic study showed that the mice become more susceptible to kainic 
acid-induced seizures and brain injury when MT-3 is absent (Klaassen et al., 
1999). It is proposed that MT-3 is involved in maintaining homeostatic state of 
metal ions in the brain and helped in protecting the central nervous system, 
8 
where oxidative free radicals are continuously produced, from neurotoxic metal 
compounds such as methyl-mercury (Aschner et aL, 1997; Hidalgo et al., 1997). 
1.2.4 Structure of metallothionein gene 
All the M T genes in vertebrates share similar structure with 5' flanking 
promoter, 5' untranslated region, three coding exons with introns in between, 
3' untranslated region and 3' flanking region (Fig. 1.2) (Karin et al., 1984; West et 
al., 1990; Quaife et al,, 1994). A TATA box and different c/5'-acting response 
elements are usually present at the 5' end of the gene (Hamer, 1986; Palmiter, 
1987). Czi"-acting response elements such as metal responsive elements (MREs), 
glucocorticoid responsive elements, antioxidant response elements and interferon 
responsive elements were reported. They are involved in the regulation of M T 
gene by metal ions, glucocorticoids, antioxidants such as hydrogen peroxide and 
redox-active quinines, and interferons respectively (Friedman and Stark, 1985; 
Stuart et al., 1985; Rushmore et al., 1991; Dalton et al., 1997; Kelly et al., 1997). 
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STJTR exon1 intronl €Xon2 intron2 exonS 3'UTR 
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Fig. 1.2 Structure of metallothionein gene in mammal. (Adapted from 
www.bioc.unizh.ch) M T gene in vertebrates contains 5，flanking region, 
5’ untranslated region (UTR), three coding exons with introns in between, 
3’ untranslated region (UTR) and 3’ flanking region. The relative positions of the 
M T isoforms, which are located on the same chromosome, are indicated with 
different colours. 
1.2.5 Metal responsive element (MRE) 
M R E is a conserved c/^ -acting element present in the 5' untranslated region 
of M T gene. The element is often present in multiple copies and mediates 
induction by metals (Samson and Gedamu, 1998). It consists of a 7-bp conserved 
core sequence (bold), which is essential for the metal-dependent transcriptional 
activation of M T , surrounded by semi-conserved flanking sequences, 
C T N T G C R C N C G G C C C (R represents purine, while N represents any 
nucleotide) (Carter et al., 1984; Stuart et aL, 1984; Stuart et al., 1985). The 
multiple copies of M R E present in the M T promoter have different basal activity, 
which is determined by their sequence and position in the promoter (McNeall et 
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al., 1989; Foster and Gedamu, 1991; Koizumi et al., 1999). It is reported that 
M R E d is the most potent one among the five putative M R E s present in the MT-1 
gene of mouse, while M R E e was found to be non-functional (Searle et al., 1985; 
Stuart et al, 1985). 
1.2.6 Regulation of MT gene 
M T genes are highly inducible by various factors, such as hormones, 
cytokines and exposure to metal ions, U V irradiation, hypoxia and reactive 
oxygen species, at the transcriptional level (Coyle et al., 2002). Among all these 
factors, exposing to metal ions is the most common and efficient inducer of M T 
gene. The activation of M T gene transcription by metal ions requires the 
interaction between metal responsive element (MRE) and metal responsive 
element-binding transcription factor-1 (MTF-1), which depends on the presence 
of zinc ions (Koizumi et al., 1999; Giedroc et al., 2001). 
Several models are proposed for the regulation of M T gene transcription by 
zinc ions. They are the allosteric model, MTF-1 inhibitor model, co-activator 
model and D N A suppressor model (Fig. 1.3) (Heuchel et al., 1995; Palmiter, 
1995). 
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The allosteric model suggested that an increase in the intracellular 
concentration of zinc ions would activate the nuclear translocation of MTF-1, 
which would then bind to M R E in the M T promoter and induce the transcription 
of M T gene. It is believed that the activation of nuclear translocation is following 
the binding of zinc ions to the zinc finger of MTF-1 (Dalton et al., 1997). 
Allosteric Model (Heuchel et al., 1995) 
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Fig. 1.3 Proposed models for the regulation of metallothionein gene 
transcription by zinc ions. (Modified from Heuchel et al., 1995) Four models 
are proposed for the regulation of metallothionein gene transcription by zinc ions, 
involving allosteric regulation, inhibitor of MTF-1, co-activator and D N A 
repressor respectively. 
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MTF-1 inhibitor model, on the other hand, suggested that MTF-1 is bound 
to an inhibitor when uninduced. The binding would be disrupted once the 
concentration of intracellular zinc ions increased, releasing MTF-1 and allows it 
to translocate into the nucleus to activate the transcription of M T gene. The M T 
synthesized would then bind the excess zinc ions, so that the basal level of zinc 
ions could be restored and the MTF-1-inhibitor complex could be reformed. 
The third model proposed is the co-activator model. An unidentified 
co-activator might interact with MTF-1 and activate it when the intracellular 
concentration of zinc ions increased. The activated MTF-1 would then 
translocate into the nucleus and bind to M R E to induce the transcription of M T 
gene. 
The last proposed model is the D N A repressor model. In uninduced state, a 
D N A repressor might bind to the M R E , so that the transcription of M T gene is 
hindered. When the intracellular concentration of zinc ions increased, the 
repressor might bind to these ions instead. MTF-1 could then access to the M R E 
and start the transcription. However, such repressor has never been identified. 
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These four models are only proposed for the regulation of M T gene 
transcription by zinc ions. The mechanism for metal ions other than zinc is not 
known. It is found that only zinc ions can induce the binding between MTF-1 
and M R E in vivo and in vitro, which is essential for the transcription of M T gene. 
N o other metal ions can replace zinc to activate the binding, although they can 
induce the expression of M T gene (Heuchel et al” 1994; Bittel et al., 1998; 
Koizumi et al., 1999). 
Different mechanisms were suggested to explain the observation. 
Displacement of zinc ions from zinc-loaded M T (Znv-MT) or other 
metal-binding protein is suggested as metal ions such as cadmium, copper and 
mercury were found having higher affinities to M T than that of zinc (Day et al., 
1984; Funk et al., 1987). The displaced zinc ions might then activate MTF-1 and 
lead to the transcription of M T gene (Fig. 1.4) (Zhang et al., 2003). Besides, in 
vivo study shown that MTF-1 is always phosphorylated, both in basal and 
metal-induced state, by a complex kinase signaling transduction pathway that 
includes protein kinase C (PKC), phosphoinositol-3 kinase (PI3K), c-Jun 
N-terminal kinase (JNK) and tyrosine-specific kinase (Fig. 1.5) (LaRochelle et 
al., 2001). Although increase binding of MTF-1 to M R E and nuclear 
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translocation of MTF-1 is observed in cells treating with zinc ions, the 
transcription of M T gene is strongly inhibited when preincubated with different 
kinase inhibitors. This suggested that the phosphorylation of MTF-1 is essential 
to the activation of M T gene transcription, besides the D N A binding and nuclear 
translocation of MTF-1. 
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Fig. 1.4 Proposed model for the activation of MT gene transcription by 
metal ions other zinc and hydrogen peroxide. (Adapted from Zhang et al, 
2003) Under normal physiological conditions, the intracellular concentration of 
zinc ions is higher than other metals. Therefore, the metallothionein is loaded 
with zinc ions (Zny-MT). When exposed to other excess metal ions, such as 
cadmium, copper and mercury, they would displace the zinc ions from Zny-MT 
as they were found having higher affinities to M T than that of zinc. The 
displaced zinc ions might then activate MTF-1 to bind on the M R E and lead to 
the transcription of M T gene. 
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Fig. 1.5 Proposed models for the activation of MT gene transcription by a 
metal-regulated kinase signaling transduction pathway. (Adapted from 
LaRochelle et al., 2001) Under normal physiological conditions, zinc and 
cadmium ions might enter the cell through unidentified transporters and pump 
out of the cells by zinc transporter one (ZnT-1). Metallothionein and other 
metalloproteins, on the other hand, might be responsible to metabolize the ions. 
Sufficient amount of zinc ions might be present to activate the nuclear 
translocation of some of the MTF-1. When the intracellular concentration of zinc 
or cadmium ions increased, a complex kinase signaling transduction pathway 
that includes protein kinase C (PKC), phosphoinositol-3 kinase (PI3K), c-Jun 
N-terminal kinase (JNK) and tyrosine-specific kinase, is activated. The nuclear 
translocation of MTF-1 would then increase and the transcription of MT gene is 
activated. 
1.3 Metal responsive element-binding transcription factor 1 (MTF-1) 
1.3.1 Structure of MTF-1 
MTF-1 was first characterized as a zinc-responsive activator of MT gene 
transcription in mouse, by serving as a trans-diCimg element that binds with zinc 
ions and MRE (Westin and Schaffner, 1988). Its cDNA was then cloned in mouse 
16 
{Mus muscuius), human, Japanese pufferfish (Fugu rubripes), zebrafish {Danio 
rerio), fruitfly {Drosophila melanogaster) and tilapia (hybrid of Oreochromis 
aureus and Oreochromis niloticus) (Westin and Schaffner, 1988; Bmgnera et al., 
1994; Auf der Maur et al,, 1999; Chen et al., 2002; Egli et al., 2003; Cheung, 
2003). Its structure is highly conserved among different species, consisting of a 
D N A binding domain with six Cys2-His2 zinc fingers, and three transactivation 
domains including the acidic-rich region, proline-rich region and the 
serine/threonine-rich region (Fig. 1.6) (Bmgnera et al,, 1994; Radtke et al., 1995). 
All these regions are essential for the activation of M T gene transcription by 
metal ions as shown by the MTF-1 deletion assay (Radtke et al., 1995). 
serine / 
proline- threonine-
acidic rich rich 
zinc finger domains region region region 
MTF-1 protein I 1 
Fig. 1.6 Structure of metal responsive element-binding transcription factor-1 
(MTF-1). The structure of MTF-1 is conserved among different species, 
consisting of a D N A binding domain with six Cys2-His2 zinc fingers, and three 
transactivation domains including the acidic-rich region, proline-rich region and 
the serine/threonine-rich region. 
The zinc fingers in the D N A binding domain have different affinities for 
zinc ions. It is believed that sufficient high concentration of intracellular zinc 
ions is required in order to bind with some of the fingers (Chen et al,, 1998, 
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1999). The binding activity of MTF-1 to M R E is reversibly modulated only by 
zinc ions, but not other metal ions (Otsuka et al,, 1994; Dalton et al,, 1997). It is 
proposed that the increase in the phosphorylation of MTF-1 after exposing to 
zinc ions is important for the activation of M T gene transcription (LaRochelle et 
a/., 2001). 
1.3.2 Target genes of MTF-1 
Previous studies showed that MTF-1 is involved in the transcription of 
important genes other than M T , including the heavy-chain subunit of y-glutamyl 
cysteine synthetase (y-GCShc), a-fetoprotein (AFP), zinc transporter-1 (ZnT-1) 
and tear lipocalin (Giines et al., 1998; Meister, 1995; Palmiter and Findley, 1995; 
Holzfeind et al., 1996), in which M R E s could be found in the upstream 
regulatory sequence of these genes (Lichtlen et al,, 2001). 
Binding of MTF-1 with the M R E s present in the promoter of y-GCShc was 
observed in the transcription of the gene, which is known as the essential enzyme 
in the biosynthesis of the glutathione de novo pathway (Meister, 1995; Giines et 
al., 1998). AFP is the major protein responsible for the maintenance of colloid 
osmotic pressure in embryos. Besides, it is also involved in developmental 
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processes and the apoptotic signaling cascade (Mizejewski, 1997). Transgenic 
study showed that the expression of the gene is downregulated when MTF-1 is 
absent, leading to edema and disseminated bleeding (Giines et al,, 1998). On the 
other hand, other studies have suggested the importance of MTF-1 in the 
regulation of expression of ZnT-1 and tear lipocalin (Palmiter and Findley, 1995; 
Holzfeind et al., 1996; Gunes et al., 1998). It is found that tear lipocalin can bind 
lipophilic compounds and potentially toxic metals, involve in the inflammatory 
processes and defense mechanism against infectious agents (van't Hoff, 1997). 
Recent studies revealed that MTF-1 is also involved in the basal expression 
of selenoprotein W muscle 1 gene (Sepwl), which encodes a glutathione-binding 
and putative antioxidant protein (Wimmer et al., 2005). Transgenic studies 
further showed that MTF-1 is involved in the anti-cadmium defense by 
regulating the cadmium-induced expression of N-myc downstream regulated 
gene 1 (Ndrgl), and cysteine- and glycine-rich protein 1 gene (Csrpl). 
Adilakshmi and Laine (2002) reported that p53, a tumor suppressor protein, 
partners with MTF-1 and RNA-binding phosphoprotein antigen (La) 
post-transcriptionally to regulate the synthesis of the ribosomal protein S25, by 
controlling the nuclear export of the stress-induced S25 m R N A . 
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1.4 Teleost MT and MTF-1 
Fish is found in various habitats, ranging from mountain streams to the 
deepest depths of the ocean. They need to withstand a wide range of water 
temperature, oxygen concentration and salinity in order to survive. Different 
regulatory mechanisms are thus developed to adapt to the environment. One of 
the most important mechanisms is the regulation of the level of metal ions 
present in their bodies, since fish is the most affected group in aquatic heavy 
metal pollution. M T is of particular interest as it is the main metal-binding 
protein found in the cells (Kagi and Vallee, 1960; Pulido et al., 1966). 
M T c D N A was cloned in different teleosts, including rainbow trout 
(Oncorhynchus mykiss) (Bonham et al； 1987; Zafarullah et al., 1988), winter 
flounder {Pseudopleuronectes americanus) (Chan et al” 1992), stone loach 
{Noemachelius barbatulus), pike {Esox Indus) (Kille et al” 1991), goldfish 
{Carassius auratus), tilapia (hybrid of Oreochromis aureus and Oreochromis 
niloticus) (Chan, 1994), cod {Gadus morhua) (McNamara and Buckley, 1994), 
icefish (Chionodraco hamatus) (Carginale et al” 1998), common carp {Cyprinus 
carpio) (Chan et al., 2004), ayu {Plecoglossus altivelis) (Lin et aL, 2004) and 
zebrafish (Danio rerio) (Chen et al, 2004; Yan and Chan, 2004). Alignment of 
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the amino acid sequence of their M T showed that the cysteine residues are 
conserved, indicating the characteristics of metal-binding functions in MTs are 
the same (Fig. 1.7). 
In vivo and in vitro studies revealed that zinc ions are the most potent 
inducer of M T in teleost, which is followed by cadmium and copper ions 
(Zafarulla et al., 1989). The induction of M T gene expression is found to be 
slower in teleost than that of mammals in vitro. After treating with zinc ions, 
induction of M T is observed in HepG2 cells within one hour. However, three to 
six hours are needed in order to be observed in rainbow trout RTH-149 cells 
(Sadhu and Gedamum, 1988; Zafarullah et al., 1990). Temperature dependence 
of the induction of M T gene might be accounted for the difference. Studies 
showed that the M T level of the primary culture of rainbow trout hepatocytes is 
induced after exposing to zinc ions for eight days at 6 °C, compared to four days 
when exposing at 9。C (Hyllner et al,, 1989; Olsson et al., 1990). The cells of 
teleost usually maintains at 28 °C, while mammalian cells are usually kept at 
37 °C. 
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Fig. 1.7 Alignment of the amino acid sequence of teleost metallothionein. The 
conserved cysteine residues are highlighted. (1) Chan et al., 1992; (2) Bonham et 
al., 1987; (3) Zafarullah et al., 1988; (4) Kille et al., 1991; (5) Chan, 1994; (6) 
Chan et al., 2004; (7) Chen et al., 2004; (8) Yan and Chan, 2004; (9) McNamara 
and Buckley, 1994; (10) Carginale et al., 1998; (11) Lin et al., 2004. 
M R E s in the promoter of M T in teleost are divided into two clusters, in 
which two to three M R E s locate within 300 bp from the TATA box, additional 
M R E s and other cz^ -acting regulatory elements, including activator protein 1 
(API), metal responsive element (MRE), nuclear factor-interleukin 6 (NF-IL6), 
specific protein 1 (Spl), glucocorticoid response element (GRE) and antioxidant 
responsive element (ARE), are found further upstream at the distal region of the 
promoter (Fig. 1.8) (Zafarullah, et al” 1988; Samson, et al., 2001; Kille, et al., 
1993; Chan, 1995; Yan and Chan, 2002; Scudiero, et al., 2001; Culotta, et al., 
1989). Just as other mammals, the multiple copies of M R E present in the M T 
promoter of teleost have different basal activity, which is determined by their 
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sequence and position in the promoter (Table 1.1) (McNeall et al., 1989; Foster 
and Gedamu, 1991; Koizumi et al., 1999). 
The amino acid sequence of MTF-1 is determined in different teleost, 
including Japanese pufferfish {Fugu rubripes) (Auf der Maur et al” 1999), 
zebrafish {Danio rerio) (Chen et al., 2002) and tilapia (hybrid of Oreochromis 
aureus and Oreochromis niloticus) (Cheung, 2003). All of them have a conserved 
structure consisting of a D N A binding domain with six Cys2-His2 zinc fingers, 
and three transactivation domains including the acidic-rich region, proline-rich 
region and the serine/threonine-rich region. D N A binding assay showed that the 
binding of zebrafish MTF-1 to M R E is activated and reversibly modulated by 
zinc ions, which is similar to that of the mammalian MTF-1 (Dalton et al., 2000). 
Besides, two isoforms of MTF-1, MTF-1 H and MTF-1 L, are identified in trout 
cells through the binding assay. The study showed that both of the isoforms can 
bind to the M R E when induced by zinc ions. The only difference between the 
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Fig. 1.8 Relative position of the putative MREs and c/s-acting regulatory 
elements in the MT promoter of teleost and human. API , activator protein 1; 
MRE, metal responsive element; NF-IL6, nuclear factor-interleukin 6; Spl , 
specific protein 1; GRE, glucocorticoid response element; ARE, antioxidant 
responsive element. (Zafamllah, et al., 1988; Samson, et al., 2001; Kille, et al., 
1993; Chan, 1995; Chan and Chan, 2008; Scudiero, et al., 2001; Culotta, et al., 
1989). 
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Table 1.1 Comparison of the MREs present in the MT promoter of different 
teleosts, mouse and human. Tilapia (tiMT), common carp (ccMT), rainbow 
trout (rtMT-A and rtMT-B), pike (pMT), stone loach (slMT), mouse (mMT) and 
human (hMT). The most active M R E s are highlighted in red, while the 
non-functional M R E s are shown in blue. 
Putative MRE Consensus MRE sequence TGCRCNC (R: purine; N: References 
any nucleotide) 
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Tilapia (Fig. 1.9) is a common fish species inhabit mainly in fresh, and less 
commonly, brackish water region ranging from shallow streams to estuaries. 
They are omnivores feeding a wide variety of natural food organisms, including 
zooplankton, planktonic and benthic aquatic invertebrates, larval fish, detritus 
and decomposing organic matter (De Silva et al., 1984; Trewevas, 1983). 
Optimal growth is observed between 22 °C and 29 while temperature below 
13 is lethal to them. They are relatively more tolerating to high salinity, high 
water temperature, low dissolved oxygen content and high ammonia 
concentration when compared to other freshwater species. Tilapia is found 
survives in pH ranging from 6 to 9, and acute low dissolved oxygen content of 1 
mg/L (Trewevas, 1983). Besides, it is more resistant to viral, bacterial and 
parasitic diseases, and is regarded as a pollutant resistant species (Price et aL, 
1985). In view of these advantages and its widespread in the tropical and 
subtropical areas, tilapia is often used as a model in environmental biomonitoring 
as a biomarker of metal exposure (Chan, 1995). 
1.6 Tilapia MT and MTF-1 
Tilapia M T is found belongs to the MT-1 isoform as its amino acid sequence 
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• 
Fig. 1.9 Tilapia hybrids {Oreochromis aureus and Oreochromis niloticus, all 
male) used for metal exposure experiments. 
showed that a lysine is present at position 26 instead of threonine, which is a 
common replacement found in fish MT-I gene (Chan, 1994; Bargelloni et al., 
1999). Juvenile tilapia exposing to sublethal concentration of copper and zinc 
induced a significant expression of M T m R N A in their gills and liver with a 
dose-response relationship (Lam et ?^/.,1998). Promoter activity study showed 
that metal ions other than zinc, such as cadmium, copper, mercury and lead, are 
potent inducers of tilapia M T promoter (Chan and Chan, 2008). 
Seven putative M R E s were identified in the promoter of tilapia M T gene, 
among which M R E d is unable to bind with MTF-1 (Chan and Chan, 2008). 
Other MREs, on the other hand, bind with MTF-1 when treated with zinc, but not 
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cadmium and copper. This is consistent to mammalian MTF-1 that the binding 
with M R E is inducible by zinc ions only (Otsuka et al., 1994; Dalton et al., 
1997). Besides, it is found that both proximal and distal clusters of M R E s are 
required for the maximum induction of M T gene. 
Two isoforms of MTF-1, MTF-1-L (long form) and MTF-1-S (short form), 
were cloned in tilapia, with size of 2596 bp and 1645 bp respectively (Fig. 1.10) 
(Cheung, 2003). The presence of MTF-1 isoforms is not observed in other 
organisms, except for trout, which also has two isoforms of MTF-1 (Dalton et al., 
2000). The structure of MTF-1-L is the same as that of the typical MTF-1 found 
in other species, consisting of a D N A binding domain with six Cys2-His2 zinc 
fingers, and three transactivation domains including the acidic-rich region, 
proline-rich region and serine/threonine-rich region (Brugnera et al., 1994; 
Radtke et al., 1995). MTF-1-S, however, only has a D N A binding domain with 
five Cys2-His2 zinc fingers. The other finger and the transactivation domains are 
missing (Fig. 1.11). The functions of this short form MTF-1 is remain to be 
investigated. It is hypothesized that MTF-1-S may serve as a D N A repressor and 
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Fig. 1.10 Schematic diagram of tilapia MTF-1 isoforms. The MTF-1 isoforms 
of tilapia, MTF-l-L and MTF-l-S, are shown. The coding region of the isoforms 
are shaded in red. 
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Fig. 1.11 Schematic diagram showing the structure of MTF-1 of human, 
mouse, Japanese pufferfish, zebrafish and tilapia. The zinc finger domains are 
shown in purple, while the acidic-rich region, proline-rich region and 
serine/threonine-rich region are shown in blue, read and green respectively. 
(Brugnera, et al., 1994; Radtke, et al., 1993; Auf der Maur, et al., 1999; Chen, et 
al., 2002; Cheung, 2003) 
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1.7 Aims of study 
Fish is often used as the model organism in studies that are related to the 
underlying mechanisms of cellular response when exposed to metal ions, since it 
is the most affected group in aquatic heavy metal pollution. In vivo and in vitro 
studies revealed that zinc ions are the most potent inducer of M T in teleost, 
which is followed by cadmium and copper ions (Zafarulla et al., 1989). Metal 
ions other than zinc are able to induce the expression of M T gene, however, how 
these ions regulate the expression is remained to be resolved. In order to 
understand the underlying mechanisms, study of the M T gene promoter and 
MTF-1 is needed. Tilapia is a suitable model for the study, as it is regarded as a 
pollutant resistant species (Price et al., 1985). 
Cheung (2003) cloned the c D N A sequences encoding MTF-1 of tilapia and 
found that two isoforms of MTF-1 are present. The existence of two isoforms is 
not observed in other organisms, except for trout (Dalton el al., 2000). Besides, 
four putative M R E s were discovered in tilapia M T promoter in the study. It is 
shown that zinc and other metal ions are able to induce the expression of M T 
gene, however, they cannot induce the M T promoter activity, except for zinc ions. 
Chan and Chan (2008) has reported three other putative M R E s in further 
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upstream region of tiMT gene. D N A binding assay showed that among all the 
seven putative MREs, six of them were able to bind with MTF-1 in Hepa-Tl 
whole-cell extract, which is the tilapia hepatocytes cell-line (Chan and Chan, 
2008). The median effective concentration of different metal ions on the Hepa-Tl 
cell-line is also found in the same study. Since MTF-1 is one of the core elements 
in the transcription of M T gene, and two isoforms of MTF-1 are discovered in 
tilapia, further studies on the MTF-1 isoforms would be useful in understanding 
the mechanism of M T gene regulation in tilapia. The present study aims to: 
1. study the distribution level of the MTF-1 isoforms in different tissues of 
tilapia and Hepa-Tl cell-line by real-time PGR; 
2. study the relationship of the MTF-1 isoforms and the expression of M T at the 
m R N A level by real-time PCR; 
3. study the interactions between the MTF-1 isoforms by 
i) sub-cellular localization study, and 
ii) D N A binding assay using electrophoretic mobility shift assay (EMSA). 
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CHAPTER TWO 
MATERIALS AND METHODS 
2.1 Quantification of MTF-1 isoforms and MT mRNA levels in tilapia and 
Hepa-Tl cells by real-time PCR 
2.1.1 Heavy metal exposure on tilapia 
2.1.1.1 Animals 
Tilapia, all male hybrid of Oreochromis aureus and Oreochromis nil otic a, 
were obtained from a brook stock from the Xijiang Aquaculture Institute 
(Guangdong, China). They were maintained at a 16:8 light-dark cycle, with water 
temperature kept at 25 士 1 and dissolved oxygen contents between 90.2% to 
95.1%. They were fed daily with tropical fish food. 
2.1.1.2 Heavy metal exposure 
Copper (II) chloride dehydrate, cadmium chloride monohydrate and zinc 
chloride of reagent grade (all from Sigma-Aldrich) were used. Three different 
concentrations (100 ppb, 500 ppb and 1 ppm), which simulate the metal 
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concentration of polluted water, were chosen for each of the metals. An aquarium 
with 30 L of water was used for each concentration of the metals and the control, 
which did not have exogenous metal added. Six adult tilapia of one-year stage 
were allocated in each aquarium. 
The whole exposure experiment lasted for a week. Before starting the 
experiment, the tilapias were allowed to acclimate to the experimental 
environment for three days. At day 0, metals of different concentrations were 
added to the designated aquarium. At day 2 and 4, half tank of water (15 L) was 
replaced to maintain the exposure concentration of the metals. The water samples 
were collected to determine the exact exposure concentration of the metals by 
using atomic absorption spectrophotometer. Freshly prepared metal solutions 
were added to the aquaria. The tilapias were fed at day 3. At day 6, the tilapias 
were dissected. Four tissues, including kidney, gills, intestine and liver were 
collected from the freshly sacrificed tilapia. 
2.1.1.3 Total RNA extraction 
Eight tissues, including testis, brain, kidney, intestine, gills, liver, spleen and 
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muscle, were dissected from freshly sacrificed tilapia for tissue distribution study 
of MTF-1 isoforms. Tissue of 0.1 g was homogenized in 1 ml of TRIzol Reagent 
(Invitrogen) on ice until all the tissues were dissolved. After adding 200 [i\ 
chloroform, the tube was mixed up and down gently and stood in room 
temperature for two minutes before centrifuging at 12000 x g for 20 minutes at 
4 Isopropanol of 500 |li1 was added to the supernatant collected and the tube 
was mixed up and down gently. It was then centrifuged at 12000 x g for 
15 minutes at 4 All the supernatant was removed and the R N A pellet was 
washed with 1 ml 75% ethanol, followed by brief drying in the D N A Speed Vac 
(Savant) before dissolving in diethyl pyrocarbonate (DEPC)-treated water. 
The integrity of the total R N A extracted was checked by electrophoresis 
using 1.5% agarose-formaldehyde gel, while the concentration and purity of total 
R N A were determined spectrophotometrically at 260 and 280 nm using Hitachi 
U-2800 Spectrophotometer (Hitachi) with 1 cm path quartz cuvette. R N A with 
high purity should have a ratio of OD260 to OD280 at around 2.0. The R N A 
samples were stored at -80 °C until use. 
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2.1.1.4 Reverse Transcription 
First-strand complementary D N A (cDNA) was synthesized using High 
Capacity c D N A Reverse Transcription Kit (Applied Biosystems). The procedures 
were performed according to the instruction manual provided by the manufacturer. 
The c D N A samples were stored at -38 °C until use. 
The integrity of the first strand c D N A synthesized was confirmed by P C R 
amplification of P-actin gene. Oligonucleotide primers were designed based on 
the nucleotide sequence published in GeneBank {Oreochromis niloticus p-actin, 
accession number: EF206796). The primer sequences were tabulated in 
Table 2.1. 
Table 2.1 Nucleotide sequences of oligonucleotide primers for p-actin gene. 
Primer Nucleotide sequence Amplicon size (bp) 
Actin 41 5'-TCACCAACTGGGATGACATG-3' 
845 
Actin 42 5'-ATCCACATCTGCTGGAAGGT-3' 
For each sample, 1 |li1 of c D N A template was mixed with 2.5 jul of 
10 X P C R buffer, 2 jul of 25 m M MgCls, 0.5 f^l of 10 m M dNTP, 1 each of the 
two primers (10 mM), 0.25 f^l of Taq D N A polymerase and autoclaved distilled 
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water to a final volume of 25 |li1. The reaction was then performed in the P G R 
Thermal Cycler Dice (TaKaRa) with the following conditions: 
Temperature( °C) Time 
94 5 minutes 
94 30 seconds “ 
58 30 seconds 卜 35 cycles 
72 45 seconds ^ 
72 10 minutes 
The integrity of the first strand c D N A synthesized was then checked by 
electrophoresis using 1% agarose gel. Electrophoresis was performed at a 
constant voltage of 120 V in a gel tank with Tris-acetate (TAE) buffer. The gel 
was visualized by the U V transilluminator after staining with 10 fig/ml ethidium 
bromide solution. 
2.1.2 Heavy metal exposure on Hepa-Tl cells 
2.1.2.1 Cell Culture 
Hepa-Tl cells are epithelial-like hepatocytes of tilapia, Oreocheomis 
niloticus, which were obtained from The Institute of Physical and Chemical 
Research in Japan (RIKEN, R G B 1156). The cells were maintained at 28 °C as a 
stationary monolayer and were cultured in a combination of media which 
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consists of 50% Leibovitz's L-15 medium with 2 m M L-glutamine (Gibco), 
35% Dulbecco's modified Eagle's medium with 4.5 g/L glucose and 
4 m M L-glutamine (Gibco), 15% Ham's F12 with 1 m M L-glutamine (Gibco), 
0.15 g/L sodium bicarbonate, 15 m M 4-(2-hydroxyethyl)-1 -piperazineethane 
-sulfonic acid (HEPES), 5 % fetal bovine serum (FBS) (Gibco) and 
1% penicillin-streptomycin (PS) (Gibco). 
The cells were sub-cultured when confluent. Medium was removed from the 
monolayer of cells, which were then rinsed by phosphate buffered saline (PBS). 
Trypsin-1 m M EDTA.4Na, 0.25% (Gibco) was then added and incubated at room 
temperature until all the cells detached from the culture flask. Equivalent amount 
of medium was added to stop the action of trypsin and the cells were collected by 
centrifuging at 1500 x g for 3 minutes at room temperature. The cells were 
maintained in a humidified 28 °C incubator. 
2.1.2.2 Metal treatment on Hepa-Tl cells 
Two metals were chosen for the experiment. Metal stock solutions of 
100 m M were prepared from cadmium chloride monohydrate and zinc chloride 
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of reagent grade (all from Sigma-Aldrich). The salts were dissolved in double 
distilled water and sterile filtered by 0.22 \iM filter. Metal solutions were serially 
diluted to various concentrations with culture medium just before use. 
Hepa-Tl cells of 1.5 x 10^ were seeded in each of the well of the 24-well 
culture plates at about 80% confluence. The plates were then incubated in the 
humidified 28 °C incubator overnight. Different concentrations (10%, 25%, 50%, 
75% and 100% of 24 hour-ECso) of the metal solutions (Table 2.2) were 
administered to the cells on the next day, while no metal solution was added to 
the control. After 24 hours, the medium was removed from the wells. TRIzol 
Reagent (Invitrogen) of 500 )il was added to each well. The reagent was 
transferred to an eppendorf when all the cells in the well were lysed. The 
subsequent procedures of total R N A extraction and reverse transcription can be 
referred to section 2.1.1.3 and 2.1.1.4 respectively. The c D N A samples were 
stored at -38 °C until use. 
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Table 2.2 24 hour-ECso values (^M) of cadmium and zinc ions on Hepa-Tl 
cell lines (Chan and Chan, 2008). 
Metal ions (faM) 
Cd2+ I Zn2+ “ 
24 hour-ECso 754.00 
75% of 24 hour-ECso 74.03 565.50 
50% of 24 hour-ECso 49.36 377.00 
25% of 24 hour-ECso 24.68 188.50 
10% of 24 hour-ECso 9.87 75.40 
2.1.3 SYBR green 
2.1.3.1 Primer Design 
Real-time P C R using S Y B R green technique was employed to compare the 
MTF-l-L and MTF-l-S gene expression levels in different tissues of tilapia and 
Hepa-Tl cells at the m R N A transcriptional level. 
Specific primers for MTF-l-L, MTF-l-S and P-actin genes were designed 
based on the nucleotide sequence published in GeneBank {Oreochromis aureus x 
Oreochromis niloticus MRE-binding transcription factor-1 La m R N A , accession 
number: AY330213; Oreochromis aureus x Oreochromis niloticus MRE-binding 
transcription factor-1S m R N A , accession number: AY330215; Oreochromis 
niloticus P-actin, accession number: EF206796) using the Real-time Primer 
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Design Program (GenScript Corporation). Primers were designed spanning over 
two exons at the intron-exon junction sites to prevent binding onto the genomic 
D N A sequences or amplifying contaminated D N A present in the samples. 
Besides, the program also screened the sequence, so that hair-pin and 
primer-dimer formation could be minimized. The amplicon size was also 
optimized for efficient amplification. The primer sequences were tabulated in 
Table 2.3. 
Table 2.3 Nucleotide sequences of gene specific primers for real-time PCR 
ofMTF-l-L, MTF-l-S and p-actin. 
Target Amplicon 
Primer Nucleotide sequence 
gene size (bp) 
RTLIF 5'- A G C C A T A C C A G T G G G A G G T A -3' 
MTF-1-L 76 
RTLIR 5'- T T T G A T G A T G A T G A C T G G C A -3' 
RTSIF 5'- C G G A A G C T T C A A C A A A G A T G -3' 
MTF-l-S 83 
RTSIR 5'- A C A A C A C A T G G G A G G C A C T -3' 
Actin2F 5,- C T C T C T T C C A G C C C T C A T T C -3' 
p-actin 120 
Actin2R 5'- A C A G C A C A G T G T T G G C G T A T -3' 
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Fig. 2.1 Relative positions of the specific real-time PCR primers of the 
MTF-1 isoforms. The relative positions of the primers for MTF-l-L (RTLIF and 
RTLIR) and MTF-l-S (RTSIF and RTSIR) are indicated by the arrows (Cheung, 
2003). 
2.1.3.2 Validation of cycling condition 
The reaction mixture was set up in 0,2 ml clear thin-walled, optical grade 
P C R tubes. For each sample, 1 |li1 of c D N A template was mixed with 12.5 |il of 
2 X Brilliant S Y B R Green Q P C R Master Mix (Applied Biosystems), 1 [il of 
forward primer (1 pmol for RTLIF and RTSIF, 2 pmol for Actin2F), 1 jiil of 
reverse primer (1 pmol for RTLIR and RTSIR, 2 pmol for Actin2R) and 
autoclaved distilled water to a final volume of 25 ^ il. A no template control (NTC) 
was set in each run, so that any contamination could be detected. The reaction 
was performed in the D N A Engine Thermal Cycler PTC-200 with Chromo4 
Real-time Detector (Bio-Rad) with the following conditions: 
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Temperature( °C) Time 
95 10 minutes 
95 30 seconds 、 
58 30 seconds > 40 cycles 
72 30 seconds , 
The fluorescence was measured after the extension stage (72 °C for 
1 minute) in each cycle. Finally, the melting curve was obtained by measuring 
the fluorescence from 50 °C to 90 with an increment of 0.5 °C and 1 second 
for each temperature. The results were analyzed by the software Opticon Monitor 
version 3.1 (Bio-Rad). 
The PGR condition was optimized with the dissociation curve shown only a 
single peak, indicating no primer-dimer was formed and no contaminated D N A 
present in the sample. 
Standard curve and relative efficiency plot for each pair of the specific 
primers were performed to ensure the amplification efficiency of the endogenous 
reference gene ((3-actin) and target gene were approximately the same. The 
standard curve was obtained by running five two-fold serial dilution of the testis 
c D N A sample, plotting log concentration of the sample against the threshold 
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cycle (Ct) values of the target gene. The relative efficiency plot was obtained by 
normalizing the Ct values of the target genes with that of the endogenous 
reference gene, plotting ACt (which equals to Ct target gene — Ct endogenous reference 
gene (p-actin)) against log concentration of the sample. 
2.1.3.3 Determination of relative amount of target gene present in the 
samples 
Relative quantification comparative Ct method was used to determine the 
relative amount of target gene present in the samples, which could be represented 
1 ,1 n 1 o -AACt ^ -(ACt control — ACt treated) , by the following formula: 2 = 2 , where 
ACt = Ct target gene — Ct endogenous reference gene (p-actin). Graphs Were plotted from the 
raw data of 2 using GraphPad Prism version 4.00 for Windows (GraphPad 
Software). For tissue distribution study, the fold inductions of MTF-l-L and 
MTF-l-S level of different tissues were plotted relative to that of the Hepa-Tl 
cells. While for metal treatment study, the fold inductions of the MTF-l-L and 
MTF-l-S level in different tissues upon various metal treatments were 
determined by comparing the result of the treated sample with that of the control. 
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2.1.3.4 Statistical analysis 
The effect of metal treatment on MTF-l-L and MTF-l-S fold induction 
levels were tested by one-way analysis of variance (ANOVA), with a confidence 
interval of 95%. Tukey's multiple comparison test was employed along with 
one-way A N O V A to investigate whether the effect of the factor was significant. 
The data was considered as statistically significant at 户<0.05. 
2.1.4 TaqMan 
2.1.4.1 Primer Design 
Real-time P G R using TaqMan probe was employed to compare the M T gene 
expression levels in different tissues of tilapia and Hepa-Tl cells at the m R N A 
transcriptional level. 
Specific primers for M T gene, P-actin gene and TaqMan probe were 
custom designed by Applied Biosystems based on the nucleotide sequence 
published in GeneBank (Oreochromis aureus metallothionein gene, accession 
number: AY257201; Oreochromis niloticus (3-actin, accession number: 
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EF206796). The primer sequences and TaqMan probe were tabulated in Table 
2.4 and 2.5 respectively. 
Table 2.4 Nucleotide sequences of gene specific primers for real-time PCR 
of MT and p-actin. 
Target Amplicon 
Primer Nucleotide sequence 
gene size (bp) 
Forward 5'- C C T G C A A C T G C G G A G G A T -3' 
M T 85 
Reverse 5'- C T G A C G A C G G G T A G G C C -3' 
Forward 5'- C C C C G A G G C C C T C T T C -3' 
p-actin 68 
Reverse 5'- C C T T A G G T G C T T T G G T G G A T G T -3' 
Table 2.5 Nucleotide sequences of TaqMan probe for real-time PCR 
of MT and P-actin. 
TaqMan probe Nucleotide sequence 
M T 5'- G C T G C A A G A A G A G C T G C T G -3' 
P-actin 5'- C T T G G T A T G G A A T C C T G -3' 
2.1.4.2 Validation of cycling condition 
The reaction mixture was set up in MicroAmp optical 96-well reaction plate 
(Applied Biosystems). For each sample, 2 |il of c D N A template was mixed with 
10 of 2 X TaqMan Fast Universal P C R Master Mix (Applied Biosystems), 1 |il 
of Custom TaqMan Gene Expression Assays, either M T or p-actin (Applied 
Biosystems) and 7 fil of autoclaved distilled water to a final volume of 20 ^ il. The 
reaction was performed in ABI Fast real-time P C R 7500 (Applied Biosystems) 
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with the following conditions: 
Temperature( °C) Time 
95 20 seconds 
95 3 seconds "1 
广h ^ 40 cycles 
60 30 seconds 
The fluorescence was measured after the extension stage (60 for 
30 seconds) in each cycle. The results were analyzed by the Gene Expression 
program (Applied Biosystems). 
The subsequent validation method, determination of the relative amount of 
target gene present in the samples and statistical analysis can be referred to 
section 2.1.3.2, 2.1.3.3 and 2.1.3.4 respectively. 
2.2 Localization study of MTF-1 isoforms 
2.2.1 Amplification of the full length tilapia MTF-1 isoforms 
GeneAmp High Fidelity P C R Kit (Applied Biosystems) was used to amplify 
the full length tilapia MTF-l-L and MTF-l-S. The forward and reverse primers 
for MTF-l-L were MTF1F5' and MTF1LR3', while that for MTF-l-S were 
MTF1F5' and MTF1R3, (Table 2.6), yielding a P C R product of 2596 bp and 
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1645 bp respectively. 
Table 2.6 Nucleotide sequences of oligonucleotide primers for cloning full 
length MTF-1 isoforms. 
Target Amplicon 
Primer Nucleotide sequence 
gene size (bp) 
MTF1F5， 5 丨-GAATGGCTGCGAGCCTGTGACGTATGG-3 丨 
MTF-1-L MTF1LR3' 5'-TTAAGGATTGCCATCAGTAGCCATGTTG-3' 2596 
MTF-l-S MTF1R3' 5’-CCTGATAGTGACTGATACATCTTG-3 丨 1645 
MTF1F5' 
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Fig. 2.2 Relative positions of 5' and 3' end primers of the MTF-1 isoforms. 
The relative positions of the primers for MTF-1-L (MTF1F5’ and MTF1LR3') 
and MTF-l-S (MTF1F5’ and MTF1R3') are indicated by the arrows. 
Testis c D N A of 1 |li1 was used as the template. It was mixed with 2.5 |il of 
10 X GeneAmp High Fidelity P C R buffer, 2 |al of 25 m M M g C b , 0.5 i^l of 
10 m M dNTP, 1 |LI1 of forward primer (lOmM, MTF1F5’)，1 |al of the respective 
reverse primer (lOmM, MTF1LR3' for MTF-1-L and MTF1R3’ for MTF-l-S), 
0.25 |Lil of GeneAmp High Fidelity Enzyme Mix and autoclaved distilled water to 
a final volume of 25 |uil. The reaction was then performed in the P C R Thermal 
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Cycler Dice (TaKaRa) with the following conditions: 
Temperature (°C) Time 
94 2 minutes 
94 45 seconds 、 
58 45 seconds ^30 cycles 
72 3 minutes ^ 
72 10 minutes 
The P G R products were then resolved by electrophoresis using 1% agarose 
gel and visualized by the U V transilluminator after staining with 10 |Lig/ml 
ethidium bromide solution. The bands of the P C R products were extracted. 
The extracted P C R products were purified by QIAquick Gel Extraction Kit 
(Qiagen) according to the instruction manual. They were then concentrated to 
3 |al by the D N A Speed Vac (Savant) before ligating to the pGEM-T Easy Vector 
of the pGEM-T Easy Vector System (Promega) respectively according to the 
instruction manual provided by the manufacturer. Ligation was performed 
overnight at 4 °C. 
2.2.2 Preparation of Escherichia coli competent cells 
Single colony of Escherichia coli (E.coli) strain DH5a from frozen stock 
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was inoculated in sterile Luria broth (LB) medium (USB) overnight at 37 °C 
with 250 rpm. Overnight culture of 1 ml was diluted 200-fold with sterile LB 
medium and allowed to grow at 37 °C with 250 rpm until the optical density at 
600 n m lain within 0.25 to 0.40. The cells were chilled on ice for 5 minutes 
before centrifuging at 6,000 rpm for 10 minutes at 4 All the supernatant was 
removed and the cell pellet was resuspended with ice-cold filter-sterile 
calcium-glycerol buffer (60 m M calcium chloride, 50 m M piperazine-N,N'-bis 
-(2-ethanesulfonic acid) (PIPES), pH 7.0 and 15% glycerol). The cells were then 
centrifuged at 6,000 rpm for 10 minutes at 4 again and suspended with the 
buffer before chilling on ice for 30 minutes. The cells were collected by 
centrifuging at 6,000 rpm for 5 minutes at 4 and suspended with the buffer. 
They were then dispensed into 100 |nl aliquots and frozen in liquid nitrogen 
immediately before storing at -80 °C. The competent cells were stored at -80 °C 
until use. 
2.2.3 Transformation 
The competent cells were thawed on ice before mixing with the ligation 
products (MTF-l-L and MTF-l-S ligated to the pGEM-T Easy Vector 
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respectively) and chilled on ice for 30 minutes. The cells were then subjected to 
heat shock at 42 °C for 75 seconds. After chilling on ice for 5 minutes, 900 \i\ of 
sterile LB medium was added and the cells were allowed to recover at 37 °C with 
250 rpm for 45 minutes. The transformed cells were collected by centrifuging at 
6000 rpm for 5 minutes at room temperature. They were spread onto LB agar 
plates containing 0.1 mg/ml ampicillin, 0.2 m M isopropyl p-D-l-thiogalacto 
-pyranoside (IPTG) and 40 mg/ml 5-bromo-4-chloro-3-indoly 1-P-D-galacto 
-pyranoside (X-gal) for blue-white screening. The plates were then incubated 
overnight at 37 °C. 
2.2.4 Confirmation of the insert of the ligation products 
The white colonies were selected against the blue colonies and stripped on 
new LB agar plates containing 0.1 mg/ml ampicillin. The plates were then 
incubated overnight at 37 °C. 
P C R was performed to check the size of the insert in the white colonies. For 
each colony, a part of it was added as the template. The forward and reverse 
primers used were T7 and SP6 (10 m M ) respectively. The subsequent PCR 
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procedures can be referred to section 2.2.1. 
Positive colonies with expected size of the insert were inoculated in 3 ml 
sterile LB medium containing 0.1 mg/ml ampicillin and incubated overnight at 
37 °C with 250 rpm. Plasmid D N A was purified by using the QIAprep Miniprep 
Kit (Qiagen) according to the instruction manual provided by the manufacturer. 
The purified plasmid D N A was then sequenced by commercial D N A sequencing 
service (Tech Dragon Limited) with T7 and SP6 primers. The sequences 
obtained were blast against the database in GenBank to ensure the cloned 
sequences were coding for MTF-l-L and MTF-l-S respectively. 
2.2.5 Cloning of MTF-l-L and MTF-l-S gene into phrGFPII-1 vector 
GeneAmp High Fidelity P C R Kit (Applied Biosystems) was used to amplify 
the full length tilapia MTF-l-L and MTF-l-S from the cloned pGEM-T Easy 
Vector constructs respectively, while introducing restriction enzyme sites to the 
P C R products. The cloned pGEM-T Easy Vector construct of 1 jul were used as 
the template. The forward primer for MTF-l-L and MTF-l-S was 
MTFLN///>7(iIII and MTFSNXmal (10 mM), while the reverse primer for them 
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was MTFLCX/wal and MTYSCBamHl (10 mM) respectively (Table 2.7). The 
subsequent PCR procedures can be referred to section 2.2.1. 
Table 2.7 Nucleotide sequences of the primers for phrGFPII-1 expression 
vector construction. Hindill (in italic), Xmal (underlined) and BamHV (bold) 
restriction enzyme sites were adopted at the ends. 
Target Amplicon 
Pnmer Nucleotide sequence 
gene size (bp) 
MTFLNHindm 5'-CCT^GC7TATGAGTGAGAATGGCC-3' 
MTF-l-L 2432 
MTFLCXmal 5'- TACCCGGGCTAGGATTGCCATCA -3' 
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Fig. 2.3 Relative positions of 5' and 3* end primers of the MTF-1 isoforms 
for phrGFPII-l expression vector construction. The relative positions of the 
primers for MTF-l-L (MTFLN/f減II and MTFLCXmal) and MTF-l-S 
(MTFSNXmal and MTFSCBamM) are indicated by the arrows. 
The bands of the PCR products were extracted and purified by QIAquick 
Gel Extraction Kit (Qiagen) according to the instruction manual. They were then 
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concentrated to 3 |li1 by the D N A Speed Vac (Savant). 
The concentrated P C R products and phrGFPII-1 vector (Stratagene) were 
then digested by the respective enzymes: Hindlll and Xmal for MTF-l-L, and 
Xmal and BamHl (FastDigestion enzyme, Fermentas) for MTF-l-S. The 
digestion mixtures were then incubated at 37 for 30 minutes before resolving 
by electrophoresis using 1% agarose gel. The bands of the digestion products 
were extracted and purified by QIAquick Gel Extraction Kit (Qiagen) according 
to the instruction manual. 
The digested P C R products of 500 ng were purified and ligated to the sticky 
ends of the respective digested phrGFPII-1 vector of 100 ng with T4 D N A ligase 
(Promega). The ligation was performed overnight at 4 °C，which was then 
transformed by the competent cell, E.coli strain DH5a, using LB agar plate with 
0.05 mg/ml kanamycin. The procedures for transformation and confirmation of 
the insert of the ligation products can be referred to section 2.2.3 and 2.2.4 
respectively. The primers used in the P C R which checked for the size of the 
insert in the colonies and sequencing were tabulated in Table 2.8. The ligation 
products were further confirmed by western blot using Vitality full length hrGFP 
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polyclonal antibody (Stratagene) according to the instruction manual. 
Table 2.8 Nucleotide sequences of the primers for sequencing of the 
phrGFPII-1 ligation products. 
Primer Nucleotide sequence 
MCSlForward 5'- A A A T G G G C G G T A G G C G T G T A C G G T G -3' 
MCSlReverse 5'- A C C A G C T G G T T G C C G A A C A G -3' 
2.2.6 Transient transfection of plasmids to Hepa-Tl cells 
Hepa-Tl cells of 2.5 x 10^ were seeded in each well of the 24-well culture 
plate at about 95% confluence the day before transfection. For each well, 800 ng 
of plasmid (phrGFPII-1 for the control or either of the phrGFPII-1-MTF-1 
constructs) was mixed with 50 of the plain medium, which was the medium 
without FBS and PS added, while 1 |li1 of Lipofectamine 2000 (Invitrogen) was 
mixed with 50 |al of the plain medium. They were then incubated for 5 minutes 
respectively before mixing together and incubated for further 20 minutes. The 
cells were washed with PBS twice and 400 )il of the plain medium were added to 
each well before the addition of the mixture. The plate was then gently rocked for 
2 hours and incubated in the humidified 28 °C incubator overnight. 
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2.2.7 Staining of the nucleus by Hoechst 33342 
On the next day, the cells were washed with PBS twice before adding 200 [x\ 
of Hoechst 33342 (Invitrogen)，which stains the nucleus of the cells, to each well 
of the plate. The stock of Hoechst 33342 was diluted 10 folds with autoclaved 
distilled water and mixed with the medium in a ratio of 1 to 200. The plate was 
then allowed to incubate for 30 minutes. After incubation, the cells were washed 
with PBS twice. 
2.2.8 Metal treatment on Hepa-Tl cells 
Three metals were chosen for the assay. Metal stock solutions of 100 m M 
were prepared from cadmium chloride monohydrate, copper (II) chloride 
dehydrate and zinc chloride of reagent grade (all from Sigma-Aldrich). The salts 
were dissolved in double distilled water and sterile filtered by 0.22 filter. 
Metal solutions were diluted to various concentrations with culture medium just 
before use. 
Different doses (50% of 24 hour-ECso for cadmium and copper, which were 
49.36 laM and 485.10 [iM respectively, and 75% of 24 hour-ECso for zinc, which 
55 
was 565.50 |liM) of the metal solutions were then administered to the cells. The 
cells were observed under a fluorescent microscope (TE2000, Nikon) 
immediately after the addition of the metal solutions and again after 6, 18 and 30 
hours. 
2.3 Electrophoretic mobility shift assay (EMSA) 
2.3.1 Preparation of Hepa-Tl whole-cell protein extract 
Hepa-Tl cells were grown in 150 cm^ culture flasks until 90% confluence. 
The cells were treated with 75% of 24 hour-ECso of zinc chloride solution 
(565.50 |iM) for 24 hours, while no metal solution was added to the control. The 
concentration of FBS in the medium was reduced from 5 % to 1% the day before 
whole-cell protein extraction, which was performed as previously described by 
Dalton et a/(1997). 
Briefly, the culture flasks were placed on ice, while the cells were washed 
with ice-cold PBS before scraping off the flask in 5 ml of ice-cold PBS. The cells 
were collected by centrifuging at 1,500 x g for 5 minutes at 4 followed by 
quick frozen in liquid nitrogen. The cell pellet were then suspended in 3 volumes 
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of nuclear extraction buffer (25% glycerol, 20 m M HEPES, pH 7.9, 1.5 m M 
MgCl2, 400 m M potassium chloride, 0.5 m M dithiothreitol (DTT) and 0.2 m M 
phenylmethylsulfonyl fluoride (PMSF) and centrifuged at 89,000 x g for 
5 minutes at 4 The supernatant was collected and stored in aliquots at - 80 
until use. The protein concentration of the extract was determined by the Protein 
Assay Dye Reagent (Bio-Rad), which was based on the method of Bradford. 
2.3.2 In vitro transcription/translation of tilapia MTF-1 isoforms 
Protein of tilapia MTF-1 isoforms were synthesized by the TnT T7 Quick 
Coupled Transcription/Translation System (Promega) according to the instruction 
manual provided by the manufacturer. The protein of MTF-l-L is about 120 kDa, 
while that of MTF-l-S is 60 kDa. TnT Quick Master Mix of 40 jul was mixed 
with 1 |Lil of 1 m M methionine, 1 jug of either of the cloned pGEM-T Easy Vector 
construct (section 2.2.1), 1 j^l of Transcend Biotin-Lysyl-tRNA and nuclease free 
water to a final volume of 50 |al. The mixture was then incubated at 30 °C for 
90 minutes. The products were confirmed by SDS-PAGE according to the 
instruction manual and stored at - 80 °C until use. 
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2.3.3 Annealing of the tiMREg oligonucleotides 
A complementary oligonucleotide pair of 32 bp was designed to incorporate 
the putative tiMT M R E g and the flanking sequence, with four additional 
overhanging bases (Table 2.9). 
Table 2.9 Double-stranded oligonucleotide pair for the binding reaction of 
E M S A . The sequence of M R E g was bold. 
Oligo Nucleotide sequence 
5' - G A T C C T G C C A T G T G C A C A C G G C T C G C T G C T G A -3’ 
M R E g 3 ’ - G A C G G T A C A C G T G T G C C G A G C G A C G A C T C T A G -5’ 
Both of the air-dried complementary oligonucleotides of 300 pmol were 
suspended in 54 |li1 of autoclaved distilled water, followed by adding 6 ^il of 10 x 
annealing buffer (200 m M Tris, pH 7.5, 100 m M M g C b and 500 m M sodium 
chloride). The mixture was then incubated at 80 °C for 10 minutes and cooled 
down overnight at room temperature. It was stored at - 20 °C until use. 
2.3.4 Labeling of the annealed tiMREg oligonucleotides 
The annealed complementary oligonucleotides of 2 }il was mixed with 2 |al 
of kinase 10 x buffer, 10 unit of T4 polynucleotide kinase (Promega), 5 |ul of 
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|7-32p]dATP (Perkin Elmer) and autoclaved distilled water to a final volume of 
20 |LIL The mixture was allowed to incubate at 37 °C for 1 hour before purifying 
by the Microspin G-25 column (GE healthcare) and stored at - 20 °C. 
2.3.5 Electrophoretic mobility shift assay 
The DNA-protein binding reactions were performed as previously described 
by Dalton et al (1996) with some modifications. 
For the TnT synthesized MTF-l-L and MTF-l-S protein, the assay was 
performed using MTF-l-L or MTF-l-S protein alone, or different combinations 
of MTF-l-L to MTF-l-S ratio (1:1, 1:2 and 2:1). For MTF-l-L or MTF-l-S 
alone, 1 |li1 of MTF-l-L or MTF-l-S protein was used. While for MTF-l-L to 
MTF-l-S in a ratio of 1:1, 0.8 ^ il of each was added. MTF-l-L protein of 0.5 |LI1 
was added to 1 |li1 of MTF-l-S protein, and vice versa, for the ratio of 1:2 and 2:1. 
The protein was then mixed with binding buffer (12% glycerol, 12 m M HEPES, 
pH 7.9, 5 m M MgCl�，60 m M potassium chloride and 0.5 m M DTT) and 
1 |al of 1 mg/ml poly-deoxyinosinic-deoxycytidylic acid sodium salt (poly dl-dC) 
(Amersham Biosciences) per ^ il of MTF-1 protein. For metal treatment sample, 
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1 |ul of 200 m M zinc chloride solution was added to the mixture, so that the final 
concentration of the metal would be 10 |LIM. While for competitive analysis, 
which served as control, 9 ^il of excess annealed complementary oligonucleotides 
were also added to the mixture. The final volume of the mixture was 19 |il, 
which was then incubated at 37 °C for 20 minutes. End-labeled double-stranded 
oligonucleotides of 1 (2.5 fmol) was then added to the mixture and incubated 
on ice for 30 minutes. 
For Hepa-Tl whole-cell extract, 10 of the control or the treated sample 
was mixed with binding buffer (12% glycerol, 12 m M HEPES, pH 7.9, 
5 m M MgCb, 60 m M potassium chloride, 0.5 m M DTT), 2 of 1 mg/ml 
poly-deoxyinosinic-deoxycytidylic acid sodium salt (poly dl-dC) (Amersham 
Biosciences) and 1 |il (2.5 fmol) of end-labeled double-stranded oligonucleotides 
to a final volume of 20 |LI1, which was then incubated on ice for 30 minutes. 
Competitive analysis was also performed for Hepa-Tl whole-cell extract. 
Binding reaction without adding TnT synthesized MTF-1 or Hepa-Tl whole-cell 
extract, which was free probe only, was included in the assay as control. 
The protein-DNA complexes were subjected to electrophoresis at 4 °C on 
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5 % non-denaturing polyacrylamide gel (PAGE), using 30:0.8 acrylamide 
-bisacrylamide, in Tris-glycine buffer (25 m M Tris, 190 m M glycine, pH 8.5 and 
0.5 m M ethylenediamine-tetraacetic acid (EDTA) at 15 V/cm. After 
electrophoresis, the gel was dried by slab gel dryer (Thermo SGD2000, Savant) 
and exposed overnight in a storage phosphor screen (Amersham Biosciences). 
The labeled complexes were detected by autoradiography with Typhoon storage 
phosphor imaging system (Amersham Biosciences) and quantified by using the 




3.1 Quantification of MTF-1 isoforms and MT mRNA levels in tilapia and 
Hepa-Tl cells by real-time PCR 
3.1.1 Validation of primers for real-time PCR 
The size of the amplicons amplified by the real-time P C R primers were 
confirmed by conventional P C R (Fig. 3.1). Melting curve analysis for each 
primer was performed at the end of real-time P C R run, all of the primer sets 
tested had a single peak of specific dissociation temperature (81 °C for (3-actin 
gene, 76 °C for MTF-l-L gene and 77.5 °C for MTF-l-S gene) (Fig. 3.2). No 
template control (NTC) did not have sharp peak between 50 °C to 90 
indicating only the target gene was amplified and there was no primer-dimer 
formation or contaminated D N A present in the sample (Fig. 3.2). 
Standard curves plotting log concentration of the sample against the 
threshold cycle (Ct) values of the target gene were obtained for the endogenous 
gene ((3-actin) and target genes (MTF-l-L and MTF-l-S) (Fig. 3.3). All of their 
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correlation coefficients (r ) were greater than 0.90 (0.997 for p-actin gene, 0.990 
for MTF-l-L gene and 0.988 for MTF-l-S gene), indicating the primers were of 
high efficiency and real-time P C R profiles were obtained. Relative efficiency 
plot for each specific primers were performed (Fig. 3.4). Both of the regression 
slopes were smaller than 0.1 (0.0346 for MTF-l-L gene and 0.0358 for MTF-l-S 
gene), indicating the amplification efficiency of the endogenous reference gene 
((3-actin) and target genes were approximately the same. 
3.1.2 Tissue distribution of MTF-1 isoforms in tilapia and Hepa-Tl cell-line 
The distribution of MTF-1 isoforms in tilapia and Hepa-Tl cell line was 
studied by real-time PCR. Eight tissues, including kidney, gills, brain, muscle, 
spleen, liver, intestine and testis, were dissected from freshly sacrificed tilapia for 
the study. The results were expressed relative to that of Hepa-Tl cell-line for 
comparison (Fig. 3.5). The m R N A expression level of MTF-l-L in spleen and 
testis were the highest among the tissues and cell-line tested, which were 13-fold 
and 11-fold higher that of the Hepa-Tl cell-line respectively (Fig. 3.5A). This 
was followed by the gills, brain and kidney, which were 10-fold, 7-fold and 
4-fold higher than that of the Hepa-Tl cell-line. Muscle, liver and intestine were 
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found to have similar expression level of MTF-l-L as that of the Hepa-Tl cells. 
M 1 2 3 
L�供 M 50 bp marker 
1 PCR product using 召-actin 
real-time PCR primer 
2 PCR product using MTF-1-S 
real-time PCR primer 
3 PCR product using MTF-1-L 
HBBBBI 
Fig. 3.1 Confirmation of the size of the real-time PCR amplicons by 
conventional PCR. The real-time P C R primer of P-actin, MTF-l-S and 
MTF-l-S yielded an amplicon with size of 120 bp, 83 bp and 76 bp respectively. 
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Fig. 3.2 Dissociation curves of p-actin, MTF-l-L and MTF-l-S genes. 
Dissociation curves were obtained by measuring the fluorescence at the end of 
real-time P G R run, measuring from 50 °C to 90 °C, with an increment of 0.5 °C 
and 1 second for each temperature. The results were analyzed by the software 
Opticon Monitor version 3.1 (Bio-Rad). (A) The dissociation curve of P-actin 
gene, the dissociation temperature was determined as 81 °C. (B) The dissociation 
curve of MTF-l-L gene, the dissociation temperature was determined as 76 °C. 
(C) The dissociation curve of MTF-l-S gene, the dissociation temperature was 
determined as 77.5 °C. The dissociation curve of N T C was indicated by thick 
brown line, at the bottom of each graph. 
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Fig. 3.3 Standard curves of p-actin, MTF-l-L and MTF-l-S amplifications. 
The standard curve was obtained by running five serial dilutions of the testis 
c D N A sample, plotting log concentration of the sample against the threshold 
cycle (Ct) values of the target gene. All the genes were amplified under the same 
thermal condition: one cycle of 95 °C for 10 minutes, followed by 40 cycles of 
95 for 30 seconds, 58 °C for 30 seconds and 72 °C for 30 seconds. Standard 
curves of (A) P-actin gene, (B) MTF-l-L gene and (C) MTF-l-S gene are shown 
here with their regression lines. 
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Fig. 3.4 Relative efficiency plots of MTF-l-L and MTF-l-S genes. The 
relative efficiency plots were obtained by normalizing the Ct values of the target 
genes with that of the endogenous reference gene, plotting ACt (which equals to 
Ct target gene _ Ct endogenous reference gene (P-actin)) against log concentration of the 
sample. Relative efficiency plots of (A) MTF-l-L gene and (B) MTF-l-S gene. 
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For MTF-l-S, intestine was found to have the highest expression level 
among the samples tested (Fig. 3.5B). Its expression level was about 2.8-fold 
higher than that of the Hepa-Tl cells. This was followed by spleen, with an 
expression level 1.8-fold higher than that of the Hepa-Tl cell-line. Brain and 
liver were found to have similar expression level of MTF-l-S as that of the 
Hepa-Tl cells. For kidney，gills, muscle and testis, all of them had a similar 
expression level which was lower than that of the Hepa-Tl cells. 
The expression level of the MTF-1 isoforms in tilapia and Hepa-Tl cell-line 
was summarized in Fig. 3.6. The expression levels were expressed relative to the 
m R N A level of Hepa-Tl cell-line. It was found that the m R N A expression level 
of MTF-l-L and MTF-l-S were similar in intestine and Hepa-Tl cells. For all 
the other tissues tested, the m R N A expression levels of MTF-l-L were much 
higher than that of MTF-l-S. 
3.1.3 Effect of metal treatment on MTF-1 isoforms and MT gene expression 
level in different tissues of tilapia and Hepa-Tl cell-line 
The effect of metal treatment on the gene expression level of MTF-1 
isoforms and M T in different tissues of tilapia and Hepa-Tl cell-line was studied 
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Fig. 3.5 Relative levels of MTF-1 isoforms in tilapia tissues and Hepa-Tl 
cell-line. Eight tissues, including kidney, gills, brain, muscle, spleen, liver, 
intestine and testis, were dissected from freshly sacrificed tilapia for tissue 
distribution study of (A) MTF-l-L and (B) MTF-l-S. The m R N A levels of the 
isoforms were quantified by real-time P C R and expressed relative to that of the 
Hepa-Tl cell-line for comparison. Each bar represents the mean 士 S.D. (standard 
deviation) of a sample size of five, with different letters to represent the data is 
significantly different from each other. The data was analyzed by one-way 
A N O V A with Tukey's multiple comparison test, P<0.05. 
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by real-time PCR. S Y B R green technique was employed for the study of the 
m R N A expression level of MTF-l-L and MTF-l-S, while TaqMan probe was 
employed for that of M T . Three metals, namely copper, zinc and cadmium, were 
chosen for the in vivo exposure study. The average concentration of the metals 
present in the water during exposure was shown in Table 3.1. Four tissues, 
including kidney, gills, liver and intestine, were dissected from the metal exposed 
tilapia. For in vitro exposure study, different doses of zinc and cadmium (10%, 
25%, 50%, 75% and 100% of 24 hour-ECso) were administered. 
Relative levels of the MTF-1 isoforms in 
Tilapia tissues and Hepa-T1 cell-line 
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Fig. 3.6 Relative levels of MTF-1 isoforms in tilapia tissues and Hepa-Tl 
cell-line. The m R N A levels of the isoforms were expressed relative to the m R N A 
level of Hepa-Tl cell-line. 
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Table 3.1 The average concentration of copper, zinc and cadmium present in 
the water during exposure. The water samples were collected at day 2 and 4 
during the exposure experiment to determine the exact exposure concentration of 
copper and zinc ions by atomic absorption spectrophotometry. The data was 
expressed as the mean 士 S.D., with the unit of ppb. 
Copper 
Treatment Average concentration of Ci严(ppb) measured 
Control 26.57 ^  L28 
100 ppb 117,94 士 7.53 
500 ppb 555.62 ±2丄56 
1 ppm 1054.34 19.47 
Zinc 
- •— -
Treatment Average concentration of Z!i‘ (ppb) measured 
Control 67.03 ± 12.33 
100 ppb 13445 ± 2L56 
500 ppb 512.6= 15.78 
1 ppm 1052.31 =41,33 
Cfidiniiim 
Treatment Average concentration of Ccl"^(ppb} measiu'ed 
Control 0.78 ± 0.12 
100 ppb 114.45 二 11,24 
500 ppb 523.11 = 9,78 
1 ppm !006J1 ：^  31.33 
In kidney, the m R N A expression level of both MTF-l-L and MTF-l-S were 
significantly induced by copper and zinc (Fig. 3.7). MTF-l-L m R N A level was 
significantly induced by 500 ppb and 1 ppm of copper and 100 ppb of zinc, with 
a fold induction of 6.8-fold, 6.6-fold and 9.5-fold respectively. While 1 ppm of 
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(A) Fold induction of MTF-1-L mRNA in the krdney of Tilapia 
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(B) Fold Induction of MTF-1-S mRNA in the kidney of Tilapia 
after metal exposure for seven days 
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(C) Fold induction of M l mRNA in the kidney of Tilapia 
after metal exposure for seven days 
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Fig. 3.7 Fold induction of MTF-1 isoforms and MT mRNA level in the 
kidney of tilapia under different metal stress. Tilapia were exposed to different 
concentrations (100 ppb, 500 ppb and 1 ppm) of copper, zinc and cadmium for a 
week, while the control group was not exposed to any exogenous metal. Six adult 
tilapia of one-year stage were allocated in each aquarium. The fold induction of 
(A) MTF-l-L, (B) MTF-l-S and (C) MT mRNA level in the kidney of tilapia of 
different treatment groups were quantified by real-time PCR and compared with 
the respective control group. Each bar represents the mean 士 S.D. of a sample 
size of five, with different letters to represent the data is significantly different 
from each other. The data was analyzed by one-way ANOVA with Tukey's 
multiple comparison test, P<0.05 (**P<0.01 and ***P<0.001). 
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copper and 100 ppb of zinc induced 11.5-fold and 13-fold induction of MTF-l-S 
m R N A respectively. Only 500 ppb of copper could induce M T m R N A 
significantly, with a fold induction of 10.2-fold. Cadmium did not induce MTF-1 
isoforms and M T m R N A in kidney. 
The m R N A level of MTF-l-L and MTF-l-S in the gills was significantly 
induced by only one of the tested metals respectively (Fig. 3.8). 100 ppb of 
zinc induced the m R N A expression level of MTF-l-L by 3.5-fold, while 1 ppm 
of copper induced that of MTF-l-S by 5.5-fold. The m R N A expression level of 
M T was induced by all the three metals. Copper of 1 ppm, zinc of 500 ppb and 
cadmium of 1 ppm induced its level by 8.8-fold, 6.8-fold and 11.6-fold 
respectively. 
In liver, the m R N A expression of MTF-1 -L was induced by 100 ppb and 
1 ppm of copper and 100 ppb of cadmium, yielding a fold induction of 5-fold, 
12.8-fold and 5-fold, respectively (Fig. 3.9). Only copper induced MTF-l-S and 
M T m R N A . Copper level of 500 ppb induced the M T level by 10.4-fold, whereas 
copper of 1 ppm induced the MTF-l-S and M T level by 2.5-fold and 10.2-fold, 
respectively. Zinc did not induce the MTF-1 isoforms and M T expression level in 
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(C) Fold Indyctron of l/fT mRNA in the gills of Tilapia 
after metal exposure for seven days 
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Fig. 3.8 Fold induction of MTF-1 isoforms and MT mRNA levels in the gills 
of tilapia under different metal stress. Tilapia were exposed to different 
concentrations (100 ppb, 500 ppb and 1 ppm) of copper, zinc and cadmium for a 
week, while the control group was not exposed to any exogenous metal. Six adult 
tilapia of one-year stage were allocated in each aquarium. The fold induction of 
(A) MTF-l-L, (B) MTF-l-S and (C) M T m R N A level in the gills of tilapia of 
different treatment groups were quantified by real-time P G R and compared with 
the respective control group. Each bar represents the mean 土 S.D. of a sample 
size of five, with different letters to represent the data is significantly different 
from each other. The data was analyzed by one-way A N O V A with Tukey's 
multiple comparison test, P<0.05 (*P<0.05, **P<0.01 and ***P<0.001). 
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(B) Fold Induction of MTF-1-S mRNA in the liver of Tilapia 
after metal exposure for seven days 
< 4- : 
i ^ mi Control 
I , raiooppb 
i ab 目 500ppb 
S “ f 1 cnnippm 
llilliji^. 
Cu Zn Cd 
(C) Fold induction of MT mRNA in the liver of Tilapia 
after metal exposure for seven days 
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Fig. 3.9 Fold induction of MTF-1 isoforms and MT mRNA level in the liver 
of tilapia under different metal stress. Tilapia were exposed to different 
concentrations (100 ppb, 500 ppb and 1 ppm) of copper, zinc and cadmium for a 
week, while the control group was not exposed to any exogenous metal. Six adult 
tilapia of one-year stage were allocated in each aquarium. The fold induction of 
(A) MTF-l-L, (B) MTF-l-S and (C) MT mRNA level in the liver of tilapia of 
different treatment groups were quantified by real-time PCR and compared with 
the respective control group. Each bar represents the mean 士 S.D. of a sample 
size of five, with different letters to represent the data is significantly different 
from each other. The data was analyzed by one-way ANOVA with Tukey's 
multiple comparison test,户<0.05 (*尸<0.05 and ***P<0.001). 
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liver. 
Similar as the gills, the m R N A level of MTF-l-L and MTF-l-S in intestine 
was significantly induced by only one of the tested metals respectively 
(Fig. 3.10). One ppm of zinc induced the expression of MTF-l-L by 9.8-fold, 
while 1 ppm of copper induced that of MTF-l-S by 6.2-fold. All the three metals 
were able to induce the expression level of M T significantly. Copper of 500 ppb 
and 1 ppm induced the level of M T by 10.8-fold and 10.6-fold respectively, 
while zinc and cadmium of 1 ppm induced the level by 24-fold and 11.2-fold 
respectively. The results of the in vivo exposure study were summarized in 
Table 3.2. 
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( A ) Fold induction of MTF-l-L mRNA in the intestine of Tilapia 
after metal exposure for seven days 
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(B) Fold induction of MTF-l-S mRNA in the intestine of THapia 
after metal exposure for seven days 
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(C) Fold induction of MT mRNA in the intestine of Tilapia 
after metal exposure for seven days 
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Fig. 3.10 Fold induction of MTF-1 isoforms and MT mRNA level in the intestine 
of tilapia under different metal stress. Tilapia were exposed to different 
concentrations (100 ppb, 500 ppb and 1 ppm) of copper, zinc and cadmium for a 
week, while the control group was not exposed to any exogenous metal. Six adult 
tilapia of one-year stage were allocated in each aquarium. The fold induction of 
(A) MTF-l-L, (B) MTF-l-S and (C) MT mRNA level in the intestine of tilapia of 
different treatment groups were quantified by real-time PCR and compared with the 
respective control group. Each bar represents the mean 土 S.D. of a sample size of 
five, with different letters to represent the data is significantly different from each 
other. The data was analyzed by one-way ANOVA with Tukey's multiple 
comparison test, P<0.05 (*尸<0.05 and ***P<0.001). 
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Table 3.2 Summary of the results of fold induction of MTF-1 isoforms and 
MT mRNA level in different tissues of tilapia under metal stresses. The arrow 
t represents there was a significant increase in the m R N A level and the bracket 
below represents the fold induction of the m R N A level, while the boxes leaving 
blank represents no significant change in the m R N A level is observed. 
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For the in vitro exposure study, treatment of zinc with dosage of 25% of 
24 hour-ECso (188.50 jiM) induced the expression of MTF-l-S significantly by 
9.6-fold (Fig. 3.11), while the dosage of 100% of 24 hour-ECso (754.00 |iM) 
could induce both the expression of MTF-l-L and MTF-l-S by 5-fold and 
4.8-fold respectively. Zinc treatment could not induce the M T m R N A level 
significantly in the study. 
For cadmium, it could not induce the expression of MTF-l-L. However, it 
induced the level of MTF-l-S and M T significantly. At dosage of 100% of 
24 hour-ECso (98.71 ^ iM), the level of MTF-l-S was increased by 22.5-fold. For 
the induction of M T , its expression level increased from 29.8-fold to 37.5-fold at 
the dosage of 10% and 25% of 24 hour-ECso (9.87 ^M and 24.68 jaM 
respectively). The level was then started to decrease to 36.5-fold, 14.8-fold and 
12-fold at the dosage of 50%, 75% and 100% of 24 hour-ECso (49.36 jiM, 
74.03 jiM and 98.71 fiM respectively). The results of the in vitro exposure study 
were summarized in Table 3.3. 
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(A) Fold induction of MTF-1-L, IVrTF-i-S and MT mRNA 
after zinc treatment for 24 hours In Hepa-T1 cell-line 
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Fig. 3.11 Fold induction of MTF-1 isoforms and MT mRNA level in Hepa-Tl 
cells under different metal stress. Different doses (10%, 25%, 50%, 75% and 
100% of 24 hour-ECso) of zinc and cadmium solutions were administered to the 
Hepa-Tl cells for 24 hours, while the control did not have any metal added. The 
fold induction of MTF-l-L, MTF-l-S and M T m R N A level in Hepa-Tl cells 
treated by (A) zinc and (B) cadmium were quantified by real-time PCR and 
compared with the respective control group. Each bar represents the mean 士 S.D. 
of a sample size of five, with different letters to represent the data is significantly 
different from each other. The data was analyzed by one-way A N O V A with 
Tukey's multiple comparison test, P<0.05 (*P<0.05, ** 尸 <0.001 and 
***P<0.001). 
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Table 3.3 Summary of the results of fold induction of MTF-1 isoforms and 
MT mRNA level in Hepa-Tl cells under metal stresses. The arrow | 
represents there is a significant increase in the m R N A level and the bracket 
below represents the fold induction of the m R N A level, while the boxes leaving 
blank represents no significant change in the m R N A level is observed. 
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3.2 Localization study of MTF-1 isoforms 
3.2.1 Cloning of MTF-1 isoforms into phrGFPII-1 vector 
Primers MTF1F5', MTF1LR3' and MTF1R3’ (Table 2.6) were designed to 
amplify the full length of MTF-1 isoforms (Fig. 3.12A). The P C R products were 
then cloned into p G E M - T Easy Vector respectively (Fig. 3.12B, C). They were 
subsequently cloned into phrGFPII-1 vector at Hindlll and Xmal restriction site 
for MTF-l-L, and BamHl and Xmal restriction site for MTF-l-S (Fig. 3.12D) for 
the localization study. The ligation products were confirmed by western blot 
using Vitality full length hrGFP polyclonal antibody (Stratagene) (Fig. 3.12E). 
3.2.2 Transient transfection of phrGFPII-1 plasmids to Hepa-Tl cells 
MTF-1 isoforms were expressed as fusion protein at the N-terminus of the 
green fluorescent protein in Hepa-Tl cells in order to study their localization 




Fig. 3.12 Cloning of MTF-1 isoforms into phrGFPII-1 vector. (A) PCR 
product of 1,645 bp (MTF-l-S) and 2,596 bp (MTF-l-L) were amplified, which 
were then ligated to p G E M - T Easy Vector (Promega) respectively. (B, C) The 
products were confirmed by EcoRl digestion. The band at 3015 bp represents 
p G E M - T Easy Vector, while the lower band corresponds to the MTF-1 isoform. 
(D) The cloned vectors were used as the template in ligating to phrGFPII-1 
vector, forming phrGFPII-1-MTF-l-L and phrGFPII-1-MTF-l-S. The product 
was confirmed by Hindill and Xmal digestion for MTF-l-L, and BamHl and 
Xmal digestion for MTF-l-S. The band at 4900 bp represents phrGFPII-1 vector, 
while the lower band corresponds to the MTF-1 isoform. (E) The ligation 
products were confirmed by western blot using Vitality full length hrGFP 
polyclonal antibody (Stratagene). The band at 92.5 kDa represents the protein 
phrGFPII-1-MTF-l-S, while that of 152.5 kDa represents the protein 
phrGFPII-1-MTF-l-L. 
The positive control of transfection, which was cells that transfected with 
phrGFPII-1 plasmid, showed green fluorescent signal over the whole cell 
(Fig. 3.13). For the cells that were transfected with phrGFPII-1-MTF-l-L 
plasmid, the green fluorescent signal was always localized in the cytoplasm when 
no metal was added (Fig. 3.14). However, after treatments with metal (50% of 
24 hour-ECso for cadmium and copper, which were 49.36 [iM and 485.10 \iM 
respectively, or 75% of 24 hour-ECso for zinc, which was 565.50 juM), the green 
fluorescent signal was localized in the cytoplasm just after the addition of the 
metal (Fig. 3.14A) and appeared over the nucleus after 6 hours of metal 
treatment (Fig. 3.14B), indicating the transfer of MTF-l-L into the nucleus from 
the cytoplasm. The signal was localized in the cytoplasm again after 18 hours of 
metal treatment (Fig. 3.14C, D), meaning that MTF-l-L was transferred from the 
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nucleus back to the cytoplasm. However, the green fluorescent signal was always 
localized in the cytoplasm of the cells treated with zinc at the concentration of 
50% of 24 hour-ECso (377.00 [iM) (Fig. 3.15). 
For the cells that were transfected with phrGFPII-1-MTF-l-S plasmid 
expressing the short form of MTF-1 tagged with hrGFP, the green fluorescent 
signal was always localized in the cytoplasm, with or without metal treatment 
(Fig. 3.16). 
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GFP Hoechst 33342 Merge 
Fig. 3.13 Localization of phrGFPII-1 in Hepa-Tl cells. Hepa-Tl cells were 
transfected with phrGFPII-1 plasmid and used as a positive control. The nuclei 
were stained with Hoechst 33342 and viewed as blue. The GFP signals could be 
found in the nucleus and the cytoplasm of Hepa-Tl cells. 
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Fig. 3.14 Localization of MTF-l-L tagged with hrGFP as expressed from 
phrGFPII-l-MTF-l-L in Hepa-Tl cells. Hepa-Tl cells were transfected with 
phrGFPII-1-MTF-l-L plasmid to determine its localization upon different metal 
stress at different time points (immediately after the cells were transfected (A), 
6 hours (B), 18 hours (C) and 30 hours (D) after metal treatment). The nuclei 
were stained with Hoechst 33342. The first row in each panel represents cells 
that did not receive metal treatment. The second, third and fourth row represent 
cells that were treated with 49.36 jiM of cadmium (50% of 24 hour-ECso), 
565.50 |iM of zinc (75% of 24 hour-ECso) and 485.10 |iM of copper (50% of 









Fig. 3.15 Localization of MTF-l-L tagged with hrGFP as expressed from 
phrGFPII-l-MTF-l-L in Hepa-Tl cells treated with 50% of 24 hour-EC50 
of zinc. Hepa-Tl cells were transfected with phrGFPII-1 -MTF-1 -L plasmid to 
determine its localization upon after treating with 377.00 jiM of zinc (50% of 
24 hour-ECso) at different time points. The nuclei were stained with Hoechst 
33342. The first row in the panel represents cells that did not receive metal 
treatment. The second and third row represents cells that were treated with the 
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Fig. 3.16 Localization of MTF-l-S tagged with hrGFP as expressed from 
phrGFPII-l-MTF-l-S in Hepa-Tl cells. Hepa-Tl cells were transfected with 
phrGFPII-1-MTF-l-S plasmid to determine its localization upon different metal 
stress at different time points (immediately after the cells were transfected (A), 
6 hours (B), 18 hours (C) and 30 hours (D) after metal treatment). The nuclei 
were stained with Hoechst 33342. The first row in each panel represents cells 
that did not receive metal treatment. The second, third and fourth row represent 
cells that were treated with 49.36 [iM of cadmium (50% of 24 hour-ECso), 
565.50 [lM of zinc (75% of 24 hour-ECso) and 485.10 ^iM of copper (50% of 
24 hour-ECso), respectively. 
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3.3 Electrophoretic mobility shift assay (EMSA) 
E M S A was performed to study the ability of the MTF-1 isoforms to bind 
with the putative M R E in tiMT promoter and how the interaction of the isoforms 
would affect the binding. Hepa-Tl whole-cell extract was used as control and the 
protein of the MTF-1 isoforms were synthesized by in vitro 
transcriptionytranslation method (Fig. 3.17). M R E g was chosen for the assay as 
previous study showed that it had the strongest MTF-1 binding activity among 
the seven putative M R E s (Fig. 3.18) (Chan and Chan, 2008). 
For the positive control, Hepa-Tl cells were treated with 75% of 
24 hour-ECso of zinc (565.50 |iM) for 24 hours before the preparation of 
whole-cell extract. Cells without treating with metal ions were also prepared, and 
a basal level of M R E binding was identified in untreated cells (Fig. 3.19). The 
binding activity increased (1.80-fold) when the cells were treated with zinc and 
diminished when 200-fold molar excess of unlabeled competitors were added. 
This indicated that the transcription factor in Hepa-Tl cells bound specifically to 
M R E g . 
For the protein of MTF-l-L synthesized by using in vitro 
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transcription/translation method, a binding complex with the same size as that of 
Hepa-Tl whole-cell extract was observed in both untreated and zinc treated 
sample (Fig. 3.19A). While a binding complex at lower level was observed for 
MTF-l-S protein, which might imply that this complex was smaller in size and 
thus moved faster than that of the MTF-1-L-MREg complex (Fig. 3.19B). The 
binding activity increased (1.81-fold for MTF-l-L and 1.21-fold for MTF-l-S) 
when treated with 10 |aM zinc and diminished when 200-fold molar excess of 
unlabeled competitors were added. This indicated that both of the MTF-1 
isoforms bound specifically to MREg. 
Two bands were observed when different combinations of MTF-l-L to 
MTF-l-S ratio (1:1, 1:2 and 2:1) were performed (Fig. 3.18C). For the 
combination with ratio of 1:1, the upper band corresponded to the binding 
complex having the same size as that of the Hepa-Tl whole-cell extract and 
MTF-l-L protein, while the lower band corresponded to the binding complex 
with the same size as that of MTF-l-S protein. The intensity of the upper band 
was stronger than that of the lower band. The binding activity increased 
(1.81-fold for the upper band and 1.24-fold for the lower band) when treated with 
10 |iM zinc. For the combination with ratio of 1:2, the complexes were having 
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the same sizes as that in the combination of 1:1. However, the intensity of the 
upper band was weaker than that of the lower band. The binding activity also 
increased (1.46-fold for the upper band and 1.97-fold for the lower band) when 
treated with 10 ^ M zinc. Lastly, for the combination with ratio of 2:1, the lower 
band corresponded to the binding complex having the same size as that of the 
Hepa-Tl whole-cell extract and MTF-l-L protein, while the upper band was at a 
higher level. This might imply that this complex was larger than that in the 
combination of 1:1 and 1:2, as the amount of MTF-l-L protein used for this 
assay was doubled, and thus it moved slower than the MTF-l-L - MTF-l-S -
M R E g complexes in the combination of 1:1 and 1:2. The intensity of the upper 
band was stronger than that of the lower band. When treated with 10 |iM zinc, 
the binding activity increased by 2.28-fold for the upper band and 1.79-fold for 
the lower band. 
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Fig. 3.17 The confirmation of the protein of the MTF-1 isoforms synthesized 
by in vitro transcription/translation method. The biotinylated lysine residues 
were incorporated into the synthesized proteins during in vitro translation 
reactions. The products (A) synthesized MTF-l-L protein and (B) synthesized 
MTF-l-S protein were confirmed by SDS-PAGE according to the instruction 
manual. 
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•1:1S ATTCGCTTTGMTCTTTATTCTTaUXaCTCaiTOTTTCCCGaCTGCTATTmTGCTTATTGCGMTTTGGTGTTTAATTTC^AAGamCTAmT -11 
ill 
-lOlS AATCCGGTATTTCCGMIAfiCACaCGGTACCTAAACGCAGCATAmCAmGCCTGTTTGCTTTGGTTTGCTCACGRGCGGCCMggflGCTCGGCACT -91 
IHREe 
-918 (aCGGCaSAauaCGCCAGCTGGTTTOCACdMifCAfiCGCCAGGAACACCAGftCACCCCGTGTTCTCCGCTGCaGTTCTTCAACATCMGXTCaCT -81 
-SIS mmTTTTTOTTATGGaUUUATGajGCMfiACTGMXaGTCACACGmTATTmTGMmTTATTTTAGMTTGGMTOGGMACTTjATGTGG -71 
-718 ATTTTTjOCCAGTGMATGMICGCACTATCAAAMIAmCCGGCAirAGAGTGTAmGTTTCAATTAAmAGTAaaGGTTAAGTTTCGAATG^ AAAG -61 
m 
-618 AATGMARAmCliBmMATGTTTTCTCTGMiaATCTTCGCAGATGCTGAAAAGTTTTTmirAATTTTTAAAmMaCTGroGGTGMiAATTC -51 
MREc 
-519 GjgqgqfeTCCACCCAllCATCCTCTCATMTACCCCCAAATCOTPCTmAATTCACTTCACGCCATATAAAACmUKaCCTCCTCMCCSaaurCCCC -41 
-418 aCTTCMGTAGCCCATTCTAftATGAATCCGTGTGTTGGTGAGCGTTTGTGRCCGTGTGTTCAGATCTCCGTGTAGCCTGGaGMGTTCTCCTCTGTTOC -31 
-318 mCMGMTOATTGCATGGmAATTTCTCCAGAAGTTGACGTTCTTmTAATGTTCAGGCAGCAGGCCmGRTCTGGGTATGAGGMCTCTCTGT -21 
Hm RIREa 
-218 TCCCGCTGCTGRftAG6TTGTCMgCRACCTCTTCGTAATCATTAACCACGTGCTTGCGTGTAGCGTG20GGCGTGTMjgMG6CTCTGTTG -11 
-118 TTCTCftGCaCGCliiiiilGftGCCACTCCTACACCGTCATTCACftACATTCATTCAAGTCCCGAAGAGJOftGAGCAaCGCCAGCATCACTCGGRAaUUl -1 
-IS aaGCCATCAACTGCMU^ ^^ SACCCCTGCGAGTGCGCCAAGAgtgagtgttcctgccgctgtttaacaaggctatttaatacgctgctrgttaccagcg S： 
Fig. 3.18 Nucleotide sequence of tilapia {Oreochromis aurea) MT gene. The 
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Fig. 3.19 MREg binding with MTF-1 proteins as determined by 
electrophoretic mobility shift assay (EMSA). (A) Hepa-Tl cells were treated 
with 75% of 24 hour-ECso of zinc (565.50 |iM) for 24 hours before the 
preparation of whole-cell extract. Cells without treating with metal were 
prepared as control. (B) The TnT synthesized MTF-l-L and MTF-l-S protein 
were treated with 10 |iM of zinc at 37 °C for 20 minutes before adding the 
radiolabeled M R E g oligonucleotides and incubated on ice for 30 minutes. (C) 
Different combinations of MTF-l-L to MTF-l-S ratio (1:1, 1:2 and 2:1) were 
performed. The protein-DNA complexes were separated by 5 % polyacrylamide 
gel electrophoresis and detected by autoradiography. The first lane of each 
treatment represents the binding reaction with the addition of 200-fold excess 
unlabeled competitors, which was used to indicate whether the band shift was 
specific. The arrows indicate the protein-DNA complexes with specific M R E g 
binding. 
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Table 3.4 Quantification of MREg binding to transcription factor from 
Hepa-Tl whole-cell extract and the protein of the MTF-1 isoforms 
synthesized using in vitro transcription/translation (TnT) method. Hepa-Tl 
cells were treated with 75% of 24 hour-ECso of zinc (565.50 |iM) for 24 hours 
before the preparation of whole-cell extract. Cells without treating with metal 
were prepared as control. The TnT synthesized MTF-l-L and MTF-l-S protein 
were treated with 10 [iM of zinc at 37 °C for 20 minutes before adding the 
radiolabeled M R E g oligonucleotides and incubated on ice for 30 minutes. 
Different combinations of MTF-l-L to MTF-l-S ratio (1:1, 1:2 and 2:1) were 
performed. The protein-DNA complexes were separated by 5 % polyacrylamide 
gel electrophoresis and detected by autoradiography. The intensities of the 
MREg-binding complexes were quantified by Quantity One 1-D analysis 
software (Bio-Rad). 
Sample Intensity of the MREg-biiidii ig complex 
Zinc treatment 
Control (565.50 f iM for Hepa-T 1. 
10 uM fbr the protein synt lie sized by TnT) 
Hepa-T 1 whole cell extract 1.000 1.798 
M T F - l - L 1.000 1.S09 
M T F - l - S l.QQQ 1.207 
Different combinat ions of Control Zinc treatment (10 [iM) 
MTF-1 -L to M T F - l -S ratio Upper baiid Lower band 
1:1 1.000 1.813 1.238 
^ 1.000 2.284 1.793 




4.1 Tissue distribution of MTF-1 isoforms 
In the present study, the m R N A expression level of the MTF-1 isoforms in 
different tissues of tilapia and Hepa-Tl cells were compared by using 
quantitative real-time PCR. Both isoforms existed in all samples tested. It was 
found that the spleen had the largest amount of MTF-l-L among the eight tissues 
and the Hepa-Tl cell-line tested, which was followed by testis, gills, brain and 
kidney. Muscle, liver, intestine and Hepa-Tl cells were having a similar level of 
MTF-l-L, which was about 10-fold less than that of the spleen, testis and gills. 
As for MTF-l-S, intestine and spleen had the highest level among the samples. 
They had about 2-fold more MTF-l-S than the other tissues, which all showed 
quite a uniform expression. The most abundant form of MTF-1 in all the tissues 
investigated was the long form, except for intestine and Hepa-Tl cells. Both of 
them showed a similar level of expression of the isoforms. 
The findings were consistent with previous study, which measured the 
m R N A level of the MTF-1 isoforms in four tissues of tilapia, including gills, 
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kidney, liver and testis, by RT-PCR (Cheung, 2003). It showed that the testis had 
the highest amount of the isoforms, which was followed by the gills and kidney. 
Liver has the least amount of the isoforms among the four tissues tested. In all 
the samples, the level of MTF-l-L is much higher than that of MTF-l-S. On the 
other hand, tissue distribution study of MTF-1 in mouse revealed that heart, brain, 
spleen, lung, liver, muscle and kidney have a similar level of expression. 
Testis, however, has about 10-fold more MTF-1 transcript than other tissues 
(Palmiter, 1994; Auf der Maur et al, 2000). Metallothionein is believed to be 
involved in the process of spermatogenesis (De et al, 1991). Both MT-I and 
MT-II m R N A levels in the testes of sexually mature mice are about 10-fold 
higher than that of the liver. Similar results were shown in rainbow trout. The 
gonads are found to have much more M T m R N A than other tissues (Zafamllah et 
al, 1989). It is reported that the high zinc content in the testis is essential for 
spermatogenesis (Vallee and Falchuk, 1993). Besides, the prostate gland, seminal 
fluid and ejaculated sperm are also of very high zinc contents. The high 
expression level of MTF-1 m R N A in the testis may imply that the expression of 
M T is coordinated by MTF-1, which serves as a zinc sensor in the testis, to 
maintain a homeostatic of zinc concentration and storage in the organ. MTF-1 
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may also induce expression of other genes that are specific for spermatogenesis. 
4.2 Effect of metal stress on the mRNA expression level of MT and MTF-1 
isoforms 
One of the hypotheses concerning the gene expression of M T is that it can 
be induced by an increase in the m R N A level of MTF-1. Tilapia has two 
isoforms of MTF-1, MTF-l-L and MTF-l-S. Previous studies suggested that the 
structure and function of MTF-l-L is similar to that of the mammalian MTF-1 
and able to induce the transcription of M T gene upon metal stress, while 
MTF-l-S could inhibit the transcription as it only has five zinc fingers and no 
transactivation domain, which is present in all the other MTF-1 protein. The 
basal and induced level of the promoter activity of M T gene reduced 
significantly after the co-transfection of the c D N A expression clones of the 
isoforms into HepG2 cells, when compared to the transfection with MTF-l-L 
c D N A expression clone alone (Fig. 4.1) (Cheung, 2003). Therefore, it is 
suggested that MTF-l-S acts as a competitor of MTF-l-L for the binding site and 
inhibit the transcription of M T gene instead. To study the relationship of the 
m R N A expression level of M T and MTF-1 isoforms upon metal stress, both in 
vivo and in vitro tests were carried out. The m R N A expression level was 
106 
determined by real-time PCR. 
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Fig. 4.1 Comparison of the transcriptional activation by the MTF-1 isoforms 
in HepG2 cells (Adapted from Cheung, 2003). The transcriptional activation by 
the MTF-1 isoforms was compared by co-transfection of the c D N A expression 
clones together with the luciferase reporter gene (pGL3-tiMT/Dl) driven by the 
M T promoter into HepG2 cells. The transfected cells were either untreated or 
treated with 100 jiM zinc ions for 12 hours. The zinc fold inductions are given 
above each zinc activity bar. Each value represents the means 士 S.D. of three 
replicates. 
Copper, zinc and cadmium are efficient inducers of M T m R N A in tilapia 
and zebrafish tissues (Wu et al, 2007; Cheung et al., 2005; Cheuk et al, 2008). 
In this study, zinc had the greatest induction of M T , with a fold induction of 
about 24-fold (Fig. 4.2), while copper and cadmium had similar capacity of about 
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8-fold to 12-fold (Fig. 4.3 and Fig. 4.4). However, only the M T m R N A level in 
intestine was able to be induced by all the three metals at 1 ppm. It could also be 
induced by copper at 500 ppb, but not for other concentrations or metals other 
than 1 ppm. Gills in tilapias exposed to 1 ppm of copper and cadmium, and zinc 
of 500 ppb also had a significant induction of M T m R N A . Both the M T m R N A 
levels in liver and kidney were induced only when exposing to copper. Copper, 
zinc and cadmium at 100 ppb were unable to induce a significant induction of 
M T in all the tissues. 
As for MTF-l-L, the m R N A level in all the four tissues was induced by the 
metals, from about 4-fold to 13-fold. The m R N A level in both the intestine and 
gills could only be induced by zinc, at the concentration of 1 ppm and 100 ppb 
respectively. Copper and cadmium at 100 ppb caused a significant induction of 
MTF-l-L m R N A level in liver. Whilst for kidney, it could be induced by 500 ppb 
and 1 ppm of copper, and 100 ppb of zinc. 
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( B ) Fold induction of MTF-1-S mRNA in different tissues 
of Tilapia after zinc exposure for seven days 
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Fig. 4.2 Fold induction of MTF-1 isoforms and MT mRNA level in different tissues 
of tilapia exposed to zinc. Tilapias were exposed to different concentrations (100 ppb, 
500 ppb and 1 ppm) of zinc for a week, while the control group was not exposed to any 
exogenous metal. Six adult tilapia of one-year stage were allocated in each aquarium. 
The fold induction of (A) MTF-l-L, (B) MTF-l-S and (C) MT mRNA level in the 
different tissues of tilapia of different treatment groups were quantified by real-time 
PGR and compared with the respective control group. Each bar represents the mean 土 
S.D. of a sample size of five, with different letters to represent the data is significantly 
different from each other. The data was analyzed by one-way ANOVA with Tukey's 
multiple comparison test, P<0.05 (**P<0.01 and ***P<0.001). 
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Fig. 4.3 Fold induction of MTF-1 isoforms and MT mRNA level in different tissues 
of tilapia exposed to copper. Tilapias were exposed to different concentrations (100 
ppb, 500 ppb and 1 ppm) of copper for a week, while the control group was not exposed 
to any exogenous metal. Six adult tilapias of one-year stage were allocated in each 
aquarium. The fold induction of (A) MTF-l-L, (B) MTF-l-S and (C) MT mRNA level 
in the different tissues of tilapia of different treatment groups were quantified by 
real-time PCR and compared with the respective control group. Each bar represents the 
mean 士 S.D. of a sample size of 5, with different letters to represent the data is 
significantly different from each other. The data was analyzed by one-way ANOVA with 
Tukey's multiple comparison test, P<0.05 (**P<0.01 and ***户<0.001). 
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Fig. 4.4 Fold induction of MTF-1 isoforms and MT mRNA level in different tissues 
of tilapia exposing to cadmium. Tilapia were exposed to different concentrations 
(100 ppb, 500 ppb and 1 ppm) of cadmium for a week, while the control group was not 
exposed to any exogenous metal. Six adult tilapia of one-year stage were allocated in 
each aquarium. The fold induction of (A) MTF-l-L, (B) MTF-l-S and (C) MT mRNA 
level in the different tissues of tilapia of different treatment groups were quantified by 
real-time PCR and compared with the respective control group. Each bar represents the 
mean 士 S.D. of a sample size of five, with different letters to represent the data is 
significantly different from each other. The data was analyzed by one-way ANOVA with 
Tukey's multiple comparison test,户<0.05 (**P<0.01 and ***/><0.001). I l l 
Cadmium did not cause any significant induction in the m R N A level of 
MTF-l-S (Fig. 4.4). All the tissues were induced by 1 ppm of copper, causing a 
fold induction from about 3-fold to 12-fold (Fig. 4.3). Zinc at 100 ppb also 
caused about a 13-fold of induction in kidney (Fig. 4.2). 
From the in vivo study, it could be seen that the m R N A level of M T was not 
directly related to that of the m R N A levels of MTF-1 isoforms. A significant 
increase of M T m R N A level did not come along with an increase of MTF-l-L, 
MTF-l-S or both, and vice versa. This was consistent with the results from the 
previous findings in mouse and zebrafish (Chen et al., 2007; Cheuk et al., 2008). 
After treating with zinc and cadmium, the mouse MTF-1 transcriptional level 
increases marginally, whereas a significant increase in the m R N A level of M T 
can be observed (Auf der Maur et al., 2000; Lichtlen and Schaffner, 2001). 
Similar results are obtained in zebrafish through in situ hybridization study, in 
which the M T gene, but not MTF-1, can be induced by the two metals (Chen et 
al, 2007). Although the m R N A level of M T in different tissues of tilapia could 
be induced by copper, zinc and cadmium, the mechanism behind this 
tissue-specific induction pattern is still remained to be investigated. 
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Cadmium was found to be the potent inducer of M T m R N A in Hepa-Tl 
cells from the in vitro study. The M T m R N A level in Hepa-Tl cells was induced 
significantly, from 12-fold to 38-fold by different concentrations (10%, 25%, 
50%, 75% and 100% of 24 hour-ECso) of cadmium. Zinc, on the other hand, 
could not induce the m R N A level of M T although it is considered as the primary 
inducer of M T (Andrews, 1990; Olsson et al, 1995; Andrews, 2000; 
Bourdineaud et al, 2006). Studies on mouse M T also showed that cadmium is a 
more potent inducer of M T m R N A than zinc (Palmiter, 1994). The presence of 
other zinc homeostasis mechanisms such as glutathione conjugation (Wimmer et 
al, 2005) and zinc transporter (Langmade et al, 2000) may help to maintain the 
appropriate concentration of zinc ions in the cells, so that the induction of the 
m R N A of M T was not significant. The fold induction of MTF-l-S m R N A was 
about 23-fold when administered with cadmium, which was much higher when 
compared to those administered with zinc (5-fold to 10-fold). MTF-l-L m R N A 
level was only induced by zinc. 
Similar to the in vivo study, the induction of M T m R N A was not related to 
that of the m R N A level of MTF-1 isoforms in Hepa-Tl cell-line. Although there 
was significant induction in the M T m R N A by cadmium, no increase in the 
113 
m R N A level of MTF-l-L could be observed. Zinc, on the contrary, induced the 
MTF-1 isoforms, but not the M T m R N A . 
The results of both in vivo and in vitro study indicated that the induction of 
MTF-1 gene might not be a possible mechanism for the expression of M T gene 
in tilapia, since M T m R N A induction did not come along with an increase in the 
level of MTF-1. Other mechanisms such as the nuclear translocation of MTF-1 
(Smimova et al, 2000; Say dam et al, 2001), the binding between M R E and 
MTF-1 (Bittel et al, 1998; Dalton et al, 2000), and the phosphorylation of 
MTF-1 (LaRochelle et al, 2001; Say dam et al, 2002) may be responsible for the 
gene expression of M T in tilapia. 
4.3 In vitro study of the localization of the MTF-1 isoforms 
Previous studies showed that human MTF-1 expressed in the cytoplasm of 
resting cells could translocate into the nucleus upon different stresses, such as 
metals (zinc and cadmium), heat shock, hydrogen peroxide and extreme pH, and 
export back to the cytoplasm after prolonged exposure (Saydam et al, 2001). 
This nuclear translocation of MTF-1 is essential for the transcription of M T gene 
induced by metal ions, besides the binding between MTF-1 and M R E , and the 
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phosphorylation of MTF-1 protein (Smimova et al, 2000; LaRochelle et al., 
2001; Zhang et al, 2001). Mouse and zebrafish MTF-1 also showed the same 
pattern of localization when exposing to zinc and cadmium (Smimova et al, 
2000; Chen et al, 2007). Since tilapia has two isoforms of MTF-1, it is of 
interest to know whether they would localize to the nucleus when there is metal 
stress and if there is difference in the localization pattern between the two of 
them. It was predicted that only MTF-l-L would show a nuclear localization 
pattern similar to that of other mammalian MTF-1, whereas MTF-l-S might 
always express in the nucleus as it is suggested as a competitor of MTF-1 -L to 
inhibit the transcription of M T gene (Cheung, 2003). 
The results in the present study were consistent with the previous studies. 
MTF-l-L showed a similar localization pattern in Hepa-Tl cells as that of the 
mammalian MTF-1 after treating with 50% of 24 hour-ECso of cadmium and 
copper, and 75% of 24 hour-ECso of zinc for 6 hours. It localized in the 
cytoplasm of the cells when there was no metal stress and translocated into the 
nucleus when exposing to metal ions. After 18 hours, MTF-l-L was exported to 
the cytoplasm again. However, this localization pattern was not observed when 
the cells were treated with lower concentration (50% of 24 hour-ECso) of zinc, 
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MTF-l-L was localized in the cytoplasm throughout the treatment period. 
Similar results had been obtained in mouse (Smirnova et al, 2000). Nuclear 
translocation of MTF-1 could only be observed when the cells are completely 
activated by the presence of a sufficient concentration of metal ions. As predicted, 
MTF-l-S always localized in the nucleus of Hepa-Tl cells no matter metal stress 
had been exerted or not. It may serve as a D N A repressor and competitor of 
MTF-l-L and inhibit the transcription of the M T gene, therefore, a translocation 
pattern could not be observed in the cells. 
Jans and Hubner (1996) reported that the nuclear translocation of many 
transcription factors is a core controlling point in the regulation of gene 
expression. The translocation process usually accompanies differentiation or 
changes in the metabolic states of eukaryotic cells. Many of the transcription 
factors mainly localized in the cytoplasm and translocated to the nucleus upon 
stress (Kaffman and O'Shea, 1999; Komeili and O'Shea, 2000). Nuclear 
localization signal (NLS) is one of the mechanisms responsible for the nuclear 
translocation of transcription factors (Boulikas, 1993), while nuclear export 
signal (NES) mediates for the export of macromolecules from the nucleus 
(Gorlich and Kutay, 1999; Nakielny and Dreyfuss, 1999). Both of them are 
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active transport processes through ligand-receptor like interactions (Jans and 
Hubner, 1996). Human MTF-1 was found to have a motif (KQREVKR), which 
is the consensus of a classical NLS, near the first zinc finger (Saydam et al, 
2001). Besides, Radtke et al (1993) also reported that a N L S immediately 
precedes the zinc finger domain in mouse MTF-1. It is also found that a N L S is 
present in zebrafish MTF-1 (Chen et al, 2002). Alignment of the MTF-1 amino 
acid sequence of different organisms and tilapia showed that N L S and N E S 
sequences were conserved in all of them, except for the MTF-l-S of tilapia, 
which only had conserved N L S sequence and the N E S sequence was absence 
from MTF-l-S (Fig. 4.5). From the alignment, it was also found that all the N L S 
sequences of the organisms were very close to the first zinc finger. 
Recent studies showed that the first two zinc fingers of MTF-1 were 
important in the regulation of the transcription factor by metal ions (Bittel et al., 
2000; Li et al., 2006). Studies in mouse, Drosophila and yeast revealed that the 
first zinc finger is essential for the activation of D N A binding and M T gene 
transcription by zinc (Bittel et al, 2000), while the fifth and sixth zinc fingers 
may be required for the transcriptional function, as the binding of MTF-1 with 
the chromatin of the M T promoter requires an intact zinc finger domain with all 
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Fig. 4.5 Alignment of the amino acid sequences of MTF-ls from tilapia, fugu, 
zebrafish, human and mouse. Identical residues are shaded in blue, while the 
cysteine and histidine residues in the six Cys2-His2 zinc fingers are shaded in 
black. Tyri40, the consensus tyrosine kinase phosphorylation site in MTF-1, is 
represented by red letter. The D N A binding domain, proline-rich region and 
serine/threonine-rich region，which are the putative transactivation domains, are 
boxed. Nuclear localization signal (NLS) and nuclear export signal (NES) are 
also boxed. Hyphens were introduced to fill the gaps for optimal alignment. 
GeneBank accession numbers: tilapia, AY330214 (MTF-l-L) and AY330215 
(MTF-l-S); fugu, AJ131393; zebrafish, AF458116; human, X78710 and mouse, 
X71327. 
the six zinc fingers (Jiang et al., 2003). The N L S of a protein has to be exposed 
on the surface in order to be translocated from the cytoplasm to the nucleus 
(Boulikas, 1993). Two mechanisms of exposing the N L S were proposed. 
Smirnova et al. (2000) suggested that the interaction between the metal ions and 
MTF-1 may lead to conformational changes, so that N L S is exposed and MTF-1 
can be translocated into the nucleus. While other proposed that it is related to the 
phosphorylation of the adjacent sites of the N L S (Jans and Hiibner, 1996). 
Human MTF-1 is found to have a unique tyrosine kinase phosphorylation site, 
Tyri40, adjacent to the N L S sequence. This phosphorylation site was conserved in 
the MTF-1 protein of vertebrates (Saydam et al, 2002), also as indicated by 
Fig. 4.5. Phosphorylation of the residues thus may involve in the regulation of 
nuclear translocation of MTF-1. However, this proposed mechanism is still 
controversial. Although the level of phosphorylation and nuclear translocation of 
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MTF-1 increase after exposing to metal ions, the addition of kinase inhibitors 
does not affect the translocation. The transcription of M T gene, on the other hand, 
is strongly inhibited (LaRochelle et al, 2001; Say dam et al, 2002; Adams et al, 
2002; Jiang et al, 2004). It is proposed that MTF-1 may be an indirect target of 
signaling in the cells, an unknown cofactor or a group of specific cofactors 
interacting with MTF-1 may be the direct target instead (Jiang et al, 2004). 
These results suggested that phosphorylation is essential for the transcription of 
M T gene, but not for the nuclear translocation of MTF-1. 
The translocation of MTF-1 into the nucleus is essential for the expression 
of M T gene. This nucleo-cytoplasmic shuttling of MTF-1 may be required for 
correct inducibility through post-translation modification in the cytoplasm and 
the removal of MTF-1 from the M T gene, and allowing a rapid transcriptional 
response at the same time (Saydam et al, 2001). This might be the reason why 
MTF-l-L of tilapia localized in the nucleus when exposing to metal ions and 
transferred back to the cytoplasm after prolonged exposure. As MTF-l-S had no 
NES, but a NLS adjacent to the first zinc finger, it might therefore always 
localize in the nucleus no matter the cells were stressed or not. These results 
suggested that zinc, cadmium and copper were able to induce the nuclear 
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translocation of tilapia MTF-l-L. Further investigation has to be performed in 
order to gain a full picture of how the MTF-1 isoforms of tilapia interact with 
each other, Co-transfection of the isoforms, in which different tags are being used, 
may help to elucidate their relationship and significance in translocation. Besides, 
adding staurosporine, a protease kinase inhibitor, at the same time may help to 
understand the importance of phosphorylation in the nuclear translocation 
process. 
4.4 DNA binding of MTF-1 synthesized by in vitro transcription/translation 
method 
Both of the in vitro transcription/translation synthesized MTF-1 isoforms of 
tilapia were able to bind with the putative M R E , M R E g , in tiMT promoter. 
M R E g has the strongest MTF-1 binding activity among the seven putative M R E s 
in tiMT promoter (Chan and Chan, 2008). Their specificity was confirmed by the 
addition of excess unlabeled competitors. Binding of the MTF-1 isoforms with 
M R E g oligos were observed in the absence of metal ions. Pre-incubation in 
10 |iM of Zn2+ increased the binding, with the binding of MTF-l-L increased 
more significantly when compared to that of MTF-l-S. The binding complex of 
MTF-l-L had the same size as that of the control, Hepa-Tl whole-cell extract, 
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indicating the transcription factor found in the binding of tilapia hepatocytes 
from the previous studies (Chan and Chan, 2008) was MTF-l-L. Protein of 
MTF-l-S formed a smaller binding complex with M R E g , as indicated by the 
bandshift of the complex. The protein of MTF-l-S is smaller than that of 
MTF-l-L with the size of 60 kDa and 120 kDa, respectively, and thus moved 
faster than that of the MTF-l-L-MREg complex and formed a lower bandshift. 
To study how MTF-1 isoforms interact with each others to affect the 
binding with M R E g , different combinations of MTF-l-L to MTF-l-S ratio were 
used. Two bands were observed in all the combinations. For the ratio of 1:1 and 
1:2, the binding complexes formed were corresponded to that of the MTF-1 
isoforms. The binding activity of MTF-l-L to M R E g was higher when same 
amount of the isoforms present. On the other hand, the one with higher 
concentration had a more significant binding activity when the isoforms were 
present in different ratio. The results indicated that Zn^^ could activate the 
MTF-1 isoforms of tilapia to bind with M R E . 
The findings of the present study were consistent with the previous one 
(Chan and Chan, 2008), which showed that MTF-1 in the hepatocytes of tilapia 
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is able to be induced by Zn^^, but not Cd〗. or Cu^ "", to bind with M R E . Similar 
results were observed in the cell lines of zebrafish, rainbow trout and mouse, in 
which M R E binding can be induced by zinc only (Bittel et al, 1998; Dalton et al, 
2000; Smirnova et al, 2000), while the studies of zebrafish using recombinant 
MTF-1 purified protein and Japanese pufferfish showed that the binding was 
induced in response to both Zn^^ and Cd^ "^  (Auf der Maur et al, 1999; Chen et al, 
2007). 
The presence of two isoforms of MTF-1 is not reported in other organisms, 
except for trout (Dalton et al., 2000) and tilapia (Cheung, 2003). It is suggested 
that the presence of two isoforms of MTF-1 in trout allows them to survive in 
different temperature. Dalton et al. (2000) reported that two isoforms of MTF-1, 
MTF-IH and MTF-IL, were identified in trout through the D N A binding of trout 
MTF-1 to M R E with cell extracts from trout cell lines. There is a temperature 
range at which exchange of Zn^^ on and off the zinc finger domain of 
mammalian MTF-1 is allowed. Beyond this temperature range, the exchange of 
Zn2+ and thus the D N A binding capacity of MTF-1 is forbidden (Bittel et al, 
1998). Trout are poikilotherms that mainly live in water with temperature at 
around 0 to 10 °C. It is found that MTF-IH can be reversibly modulated by Zr?^ 
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maximum at 25 but not at 4 °C. MTF-IL, on the other hand, allowed the 
exchange of Zn at 4 °C instead of higher temperature. Hence, it is proposed that 
the MTF-1 isoforms allow the fish to live in a wide range of thermal environment. 
Organisms expressing only a single form of MTF-1 may therefore, be able to 
survive in environment with a narrower temperature range, in which their MTF-1 
may resemble either MTF-IH or MTF-IL, depending on the temperature range 
of their habitat (Dalton et al, 2000). 
Although there are two isoforms of MTF-1 in tilapia, they may not 
responsible for the exchange of Zn^^ at different temperature range as that of 
trout. Since MTF-l-S only has a D N A binding domain and no transactivation 
domain, it might still have the ability to bind to the M R E although it cannot 
induce the transcription of M T gene. In the present study, it was found that the 
m R N A level of MTF-l-L in different tissues of tilapia was more abundant than 
that of MTF-l-S and the transcription of M T gene was activated when exposed to 
metals. The D N A binding of the isoforms upon metal stress might therefore 
resemble the assay using MTF-l-L to MTF-l-S ratio of 1:1, where the binding 
activity of MTF-l-L was more significant than that of MTF-l-S, which is 
essential for the transcription of M T gene. 
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The possible mechanisms for the regulation of M T gene expression in 
tilapia as discussed above are summarized in Fig. 4.6. Further studies in the 
functions of tilapia MTF-1 isoforms, such as performing E M S A with the nuclear 
and cytoplasmic extract from Hepa-Tl cells treated with different metals, are 
needed for better understanding of the regulation of M T gene expression upon 
different metal stress. 
4.5 Conclusion 
In summary, the m R N A level of the MTF-1 isoforms in different 
tissues of tilapia and Hepa-Tl cells were compared by quantitative real-time 
PCR. MTF-l-L was found to be more abundant than MTF-l-S in all the tissues 
tested, except for intestine and Hepa-Tl cells, which had similar level of the 
isoforms. Spleen had the largest amount of MTF-l-L, while both the spleen and 
intestine had the largest amount of the short form. Both in vivo and in vitro 
studies shown that the m R N A level of the MTF-1 isoforms and M T were not 
related with each other, as M T m R N A induction did not come along with an 
increase in the level of MTF-1, and vice versa. This indicated that the induction 
of MTF-1 gene might not be a possible mechanism for the expression of M T 
gene in tilapia. 
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Fig. 4.6 Possible mechanisms for MT gene regulation in tilapia. When 
exposing cells to zinc ions or other metal ions, MTF-l-L is activated to bind the 
zinc ions, either from exogenous source or the one displaced by other metal ions. 
The activated MTF-l-L is then translocated into the nucleus and binds to the 
M R E in M T promoter, which are essential for the transcription of M T gene. 
Phosphorylation of MTF-l-L or some unknown cofactors may be involved in the 
process. MTF-l-S was always found in the nucleus. Its function and role in the 
regulation of M T gene expression remains to be investigated. Previous 
co-transfection study of the c D N A expression clones of the isoforms showed that 
the activity of M T promoter reduced in the presence of MTF-l-S, therefore, 
MTF-l-S might act as a gene repressor by binding to the M T promoter. The 
presence of exogenous metal ions may interrupt its binding with M R E and allow 
MTF-l-L to bind to M R E instead and induce the transcription of M T gene. 
Further investigations such as co-transfecting the isoforms, in which different 
tags are being used, may help to elucidate their relationship and significance in 
translocation. Study on the phosphorylation and D N A binding of the isoforms 
would also be useful for understanding the mechanism of M T gene transcription 
upon metal stress. Indirect mechanisms of the activation of the MTF-1 isoforms 
and M T gene expression by metal ions other than zinc ions remain to be resolved. 
The possible existence of co-activators also remains to be investigated. 
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Similar to other mammalian MTF-1, nuclear translocation of MTF-l-L was 
observed when the cells were exposed to sufficient concentration of zinc, 
cadmium and copper after 6 hours. MTF-l-S, on the other hand, was always 
localized in the nucleus no matter the cells were under stress or not. 
Both of the in vitro transcription/translation (TnT) synthesized MTF-1 
isoforms of tilapia were able to bind with the putative M R E , M R E g , which has 
the strongest MTF-1 binding activity among the seven putative M R E s in tiMT 
promoter. MTF-l-L formed a larger binding complex with M R E that that of 
MTF-l-S. The results of E M S A confirmed the previous findings of the 
transcription factor present in the hepatocytes of tilapia that can bind to M R E 
specifically was MTF-l-L. Pre-incubation with 10 of zinc increased the 
D N A binding, with the binding of MTF-l-L increased more significantly when 
compared to that of MTF-l-S. Further investigation has to be performed in order 
to gain a full picture of how the MTF-1 isoforms of tilapia interact with each 
other in the nuclear translocation process. 
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